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Summary 
 

Zinc is an essential trace element in the human body. The cellular zinc level is tightly 

regulated by zinc transporters, including the ZIP family, which has a role in increasing 

cytosolic zinc levels. The aberrant function of many ZIP channels has been associated 

with human diseases, including cancer.  Our main focus is zinc transporter ZIP7 which 

is uniquely placed on the endoplasmic reticulum membrane. Despite this cellular 

localisation, ZIP7 appears to stain the nuclear membrane raising the issue that it can 

transport zinc into the nucleus as well as the cytosol. The present study evaluated the 

significance of ZIP7 gene expression in breast cancer using comprehensive 

bioinformatic analysis. Findings within this project support the hypothesis that ZIP7 

might be considered a predictive biomarker for breast cancer prognosis and a novel 

therapeutic target for breast cancer. 

 

Imaging ZIP7 in MCF7 cells has suggested that ZIP7 and the active form of ZIP7 

(pS275/S276 ZIP7) are located in the nuclear membrane. These data highlighted that 

ZIP7 could transport zinc from the endoplasmic reticulum store into the nucleus. This 

nuclear localisation of ZIP7 may play an essential role in cell growth but also position 

it to increase cancer development through access to transcription factors which have a 

zinc finger domain. It is crucial to understand the function of ZIP7 in the nuclear 

envelope so having discovered three potential nuclear localisation motifs in ZIP7, these 

were mutated by site-directed mutagenesis for experimental confirmation. The different 

functions of nuclear-located ZIP7 mutants were assessed by phospho-kinase arrays to 

examine the effect on the activation of downstream pathways. This study revealed that 

NLS3 (288
AAAGGSTVPKDGPVRPQNAEEEAA

311) is required for ZIP7 maximal 

activation. ZIP7 has already been implicated in cancer growth and proving the role of 

ZIP7 in nuclear zinc transport could have significant implications for future cancer 

therapy. 
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1 Chapter 1: Introduction: 

1.1  The Important of Zinc in the Body: 

 
Zinc is a biologically essential micronutrient trace element that has a crucial role in human 

health and disease. Zinc exists as a divalent cation (Zn2+), and it is the second most 

abundant intracellular metal in the human body (second only to iron)1,2. Dietary zinc is 

absorbed in the small intestine (duodenum and jejunum) and then is distributed to the 

circulation through zinc family transporters1,3 (Figure 1.1). Serum zinc is only ~0.1 % of 

the total body zinc1,4. Zinc is mainly bound to proteins, including albumin (80%)5. The 

remaining zinc in serum is bound to transferrin, a-macroglobulin and others5.  The adult 

human body is estimated to have approximately 2-4 g or 30 mmole of zinc present in all 

body fluids and tissue1. Most of the total body zinc is found in the skeleton muscles (60%) 

and bone (30%), with the highest concentrations in the prostate fluid and eye6,7. 

 

Zinc was identified as an essential micronutrient element in 1961, and its deficiency leads 

to a wide variety of diseases, so zinc deficiency is considered a global health crisis8. Zinc 

is necessary for the normal metabolism of nucleic acids, proteins, carbohydrates, and 

lipids9 as well as for maintaining proper immune function, defence against free radicals, 

growth, the wound healing process, and preventing age-related degenerative diseases10,11. 

Zinc deficiency is a significant public health problem worldwide, and it is the fifth leading 

cause of morbidity and mortality in developing countries1. Renal insufficiency patients, 

premature infants, seniors, pregnant and breastfeeding women, and vegetarians are at a 

higher risk of zinc deficency12. Malnutrition children under five years old have higher rates 

of death due to severe diarrhea and lower respiratory tract infection (pneumonia) as a result 

of zinc deficiency1,13. Zinc supplementation in young children is recommended as an 

adjunct to diarrhea treatment to decrease diarrhea mortality and boost the immune 

function1,13. The recommended daily allowance (RDA) of zinc that protects us from having 

signs and symptoms of zinc deficiency varies from 5 mg for the infant to 15 mg for adults13. 

Zinc is available in a wide variety of foods. Oysters and red meats have the highest zinc 

levels, 20-150mg/100g and 3.6mg/100g, respectively14 (Figure 1.1). Nuts, dairy products, 

fortified breakfast cereals, potatoes, vegetable oil, lobster, and fruits are also other suitable 
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sources of zinc14. The bioavailability of zinc is lower in vegetarian food than from meat 

sources because phosphate and phytate (phytic acid) is present in vegetable chelate zinc, 

leading to inhibition of its  absorption15,16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.2  Biological and Physiological Function of Zinc: 

 
Zinc is a non-redox active ion essential for biochemical and physiological intracellular 

function. Zinc homeostasis controlled by zinc transporters is crucial for numerous 

biological processes, including; catalytic, structural function, and regulatory components 

in a few hundred enzymes, many of which are involved in cancer growth and metastasis9. 

First, zinc is the only metal required for catalysis in more than 300 enzymes3,17. In 1939, 

erythrocyte carbonic anhydrase was the first zinc-dependent enzyme identified, which is 

essential for the metabolism of carbon dioxide18. After that, zinc was recognized as a 

cofactor in all six classes of enzymes (transferase, oxidoreductase, hydrolases, lyases, 

isomerase, and ligase) and transcription factors containing zinc finger motifs14. Zinc is 

essential for many fundamental cellular processes such as DNA synthesis, growth, and 

Figure 1.1 Zinc in diet and its distribution in the body. 

Zinc is one of the most important trace elements in the human body, and it is available in a wide variety 
of foods. Oysters and red meats have the highest zinc levels. Dietary zinc is absorbed in the small 
intestine and then is distributed to the circulation through zinc family transporters 
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wound healing11. Zinc removal from zinc metalloenzymes such as RNA polymerases, 

alcohol dehydrogenase, and alkaline phosphatases results in loss of their enzyme activity3. 

Second, zinc has been recognised as essential for the structural arrangement and stability 

of essential antioxidant defence proteins such as CuZn superoxide dismutase (SOD) to 

protect and prevent protein oxidation against reactive oxygen species (ROS) by the 

formation of thiolate complexes2. Also, zinc binds up to 10% of all proteins in the 

mammalian genome, essential for DNA repair, replication and translation19. Zinc finger 

proteins contain a functional motif stabilised by a zinc ion that has extraordinarily diverse 

functions involved in protein folding and assembly, signal transduction, cellular 

differentiation or proliferation, and lipid binding20. Third, zinc has a regulatory role in 

gene expression. Zinc is necessary to maintain the structural integrity and DNA binding of 

more than 2000 transcription factors to regulate gene expression9. To stimulate 

transcription, zinc in the cytosol or nucleus must bind to metal-regulatory transcription 

factor-1 (MTF-1), which contains six Cys2His2 zinc fingers, and then interacts with the 

metal response element (MRE) in the promoter of the regulated gene20–23. The expression 

of MT, which is responsible for zinc trafficking, is regulated by the metal response element 

(MRE)3. Alteration in the cellular zinc level by adding extracellular zinc or chelating agent 

can affect many downstream signalling pathways that need zinc to be activated24. 

 

1.3 Zinc Signaling: 

 
Zinc has been shown to act as an intracellular second messenger in the cytosol that can 

potentially impact a spectrum of cellular signalling25,26. In mast cells, zinc was able to 

transduce an extracellular stimulus into an intracellular signalling cascade within two 

minutes25. Stimulation of the high-affinity immunoglobin E receptor (Fcε receptor I [Fcε 

RI]) in mast cells facilitated zinc release from the endoplasmic reticulum (ER) in the form 

of a “zinc wave” on a timescale of minutes in contract to transcription factor effect, which 

would take many hourss25,27. This intracellular zinc release resulted in phosphatase 

inhibition and downstream activation of MAP kinases25,27. This zinc wave from the ER 

was also shown to depend on Ca2+ influx and the activation of mitogen-activated protein 

kinase activation25,27. FluoZin-3 was used to detect the increase of intracellular zinc after 

20 mints of  Fcε RI stimulation25. Also, zinc has been shown to act as a neurotransmitter 

and carry information between cells in synaptic vesicles along with glutamate28.  High zinc 
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level has been observed to induce neuronal death29. Zinc homeostasis is vital to 

maintaining the proper formation of the nervous system because excess zinc is toxic to 

neurons and has been implicated in human neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s diseases30,31. Zinc has been detected in amyloid plaques in 

Alzheimer’s patients, which is a typical hallmark of this disease32.  

 

On a cellular level, the amount of zinc ions must be strictly regulated by zinc transport and 

binding proteins such as metallothionein (MTs) to maintain the proper biological function 

essential for cell growth, differentiation, proliferation, migration, and cell division, DNA 

synthesis, and RNA transcription33. In cells, 50% of zinc is in the cytoplasm, 40% in the 

nucleus, and 10% in the membrane1,4. Excess zinc can be toxic to cells, resulting in 

apoptosis and leading to cancer development such as breast and lung cancer. Zinc is 

essential for the function of many cyclins that involve in the cell cycle progression (G1 

and G2 phases)34,35, which suggest that cancer cells need more zinc for their survival and 

proliferation. On the other hand, a low zinc level causes DNA damage due to impairing 

DNA binding activity of p53 which results in genomic instability36,  impairment of the 

immune system (immune dysfunction)37, increase in susceptibility to infection37, loss of 

appetite, alopecia, depression, persistent diarrhoea38, increase in oxidative stress39, growth 

retardation and mental retardation38, delayed wound healing37, glucose intolerance, 

abnormal pregnancy6, increase in bone fragility6, and skin diseases, including 

Acrodermatitis Enteropathica (AE)40 ( Figure 1.2). Acrodermatitis Enteropathica is a rare 

lethal genetic disease with an estimated frequency of approximately 1 per 500,000 

children3.  Acrodermatitis Enteropathica patients have zinc deficiency due to a mutation 

in the ZIP4/SLC39A4 gene, a zinc importer responsible for zinc uptake from dietary food 

in the intestine by enterocytes. This disease is characterised by diarrhea, alopecia, and 

eczematous pink dermatitis on acral areas, anogenital, and periorificial areas3. These 

conditions are reversible with pharmacological zinc supplementation1,6,36,37,41,42. Also, in 

vivo study in rats have reported that severe zinc deficiency can cause DNA damage via 

increased oxidative stress and impairments in the DNA repair response, suggesting a 

significant zinc role in maintaining DNA integrity39. Zinc deficiency could occur due to 

poor zinc diets or secondary to some conditions such as chronic renal diseases, sickle cell 

diseases, diabetes, cirrhosis of the liver and also with some drug therapy such as 

ethambutol, anticonvulsants, and penicillamine43. Knowing that zinc excess and zinc 
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deficiency impact human health highlights the importance of tightly regulating the zinc 

level to maintain its homeostatic balance. 

 

 

 

 

 

 

 

 

 

 

 

1.4 Zinc Transporters: 

 
Zinc cannot diffuse passively through cell membranes. Therefore it requires the help of 

zinc transporter proteins to cross the biological layer and contribute to a wide variety of 

cellular and physiological functions1,44. Two groups of proteins mediate the cellular 

homeostasis of zinc: Znt (formally called Cation Diffusion Family (CDF); SLC30A) and 

ZIP (Zrt, Irt-Like proteins, SLC39A), which have different roles in maintaining cellular 

zinc homeostasis45. Arabidopsis thaliana IRT1 gene (iron-regulated transporter) and 

Saccharomyces cerevisiae Zrt protein were the first ZIP family members to be identified46–

48. The ZnT transporters (ZnT1 to ZnT10) lower the intracellular zinc level by either 

promoting zinc efflux from the cytoplasm to the extracellular space or influx into the lumen 

of intracellular compartments for detoxification and/or storage. In contrast, the ZIP 

transporters (ZIP1 to ZIP14) replenish the cytosolic zinc by promoting zinc transport from 

the extracellular space or the intracellular compartments during adaptation to zinc 

deficiency33,49,50 (Figure 1.3).  ZIP7 has been shown to reside on the ER, ZIP8, ZIP13, and 

Figure 1.2 Effect of zinc imbalance on human health. 

Alterations in zinc homeostasis result in cellular dysfunctions. Therefore, it is necessary 
for cells to tightly regulate the cellular free zinc level. (Plum, Rink &Haase,2010). 
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ZIP14 on intracellular storage vesicles, ZIP9 and ZIP13 on Golgi apparatus51. Moreover, 

metallothionein, a zinc-binding protein and binds to the most intracellular zinc, has a role 

in maintaining the cellular zinc hemostasis52,53 This project focuses mainly on the ZIP 

transporters. No crystal structure has been known for all zinc transporters; however, only 

Yipp, a bacterial membrane transporter that is equivalent to the human ZnT transporters, 

has a known crystal structure54. ZnT is predicted to have six transmembrane domains with 

short cytosolic NH2 and long COOH termini. All ZnT is present on the intracellular 

membrane; however, only ZnT1 is located on the plasma membrane55. ZnT transporter 

work as Zn2+/H+ exchangers56. 

 

 

 

 

 

 

 

 

 

 

Figure 1.3 Zinc homeostasis is regulated by ZIP and ZnT transporter. 

ZIP transporters are zinc export consist of 6 transmembrane domain and responsible for 
zinc influx into the cytoplasm while the ZnT transporter are zinc imports.  
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1.5 Structure of ZIP Family of Zinc Transporters: 

 
According to the phylogenetic tree, the human ZIP transporters can be categorised into 4 

subfamilies; subfamily I (hZIP9), gufA subfamily (hZIP11), subfamily II (hZIP2, hZIP1, 

hZIP3), and LIV-1 subfamily, also called LZT for the LIV-1 subfamily of ZIP zinc 

Transporter ( hZIP4, hZIP5, hZIP6, hZIP7, hZIP8, hZIP10, hZIP12, hZIP13, and 

hZIP14)44,45,57 (Figure 1.4). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

Figure 1.4: The Phylogenetic tree of human LIV-1 family members 

To show the relationship among the LIV-1 subfamily, this phylogram was generated using the 
Phylogeny.fr web service. The amino acid sequences of the human ZIP transporter were 
retrieved from the NCBI database in the text-based FASTA format and then aligned with the 
CLUSTAL W (1.83) multiple sequence alignment program. The ZIP family of zinc transporter 
divided into 4 group. 
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ZIP transporters are predicted to have eight transmembrane spanning domains (TM) with 

an extracellular N and C termini58 (Figure 1.5). There is an extended cytoplasmic variable 

region between TM3 and TM4 which contains multiple histidine residues33,44,45, which is 

predicted to be involved in zinc binding and transport59,60. Also, ZIP transporters have 

histidine-rich regions in TM4 and 559.  Those multiple histidine regions are predicted to be 

involved in zinc transport as the ability of histidine to bind to zinc59. The LIV-1 subfamily 

has some unique features. First, it contains a highly conserved metalloprotease motif 

HEXPHEXGD (where H=histidine; E=glutamate; P=proline; D=aspartate; G=glycine; 

X=any amino acid) in TM 5, which is not seen in any other subfamily of the ZIP 

transporters. This motif has been shown to match the catalytic binding site, which is 

HEXXH of two members of the zinc metalloprotease61,62. Second, there are additional 

histidine-rich regions in the long extracellular N terminus and in the extracellular loop 

between TM2 and 3. The histidine is known to have a high affinity to bind to zinc, and that 

confirms the strong ability of LIV-1 members to transport zinc. Third, long extracellular 

N terminus that contains a unique CPALLY (C=cystine, P=proline, A=alanine, L=leucine, 

Y=tyrosine) motif immediately before the first TM, except for ZIP13 and ZIP744,63. This 

motif is predicted to support the tertiary structure of proteins and pore control to regulate 

zinc transport by forming a disulfide bond with the first conserved cysteine in the 

metalloprotease-like motif (CHEXPHEXGD)44. It is predicted that the N-terminus would 

sit over the top of the transmembrane domain to regulate zinc transport. Mutation in the 

C309T in the ZIP4 gene, the third cysteine residue in the CPALLY motif, has been 

observed in Acrodermatitis Enteropathica patients44,64. Also, The long extracellular N 

termini are highly glycosylated in most LIV-1 subfamily65.  
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Figure 1.5: Predicted structure of the ZIP transporters. 

(a) The ZIP transporters are predicted to have eight transmembrane domains with an 
extracellular N and C termini and a long cytoplasmic loop between TM3 and TM4 which 
contains between 3 and 6 histidine residues. (b) LIV-1 subfamily is characterized by a long 
extracellular N terminus containing a CPALLY motif and metalloprotease motif 
(CHEXPHEXGD) in TM5, similar to the zinc-binding site of themetalloproteinases61. They also 
have an additional histidine-rich motif between TM2 and 3, and in the long cytoplasmic loop 
between TM3 and 4. (c) ZIP7 is located in the endoplasmic reticulum (ER) and mediates a “zinc 
wave” in response to phosphorylation by protein kinase 2 (CK2) at residues S275 and S276169 
in the histidine-rich cytoplasmic loop between TM3 and TM4. 
 



  

 
 

10 

1.6 Handling of Zinc in Cells: 

 
The intracellular trafficking and storage of zinc are also regulated by metal-binding 

proteins such as metallothioneins (MTs) and/or glutathione66 under a process called the 

“muffler reaction”, which essentially buffers the zinc and compartmentalizes it into an 

intracellular store such as the ER before releasing into the cytosol by a ZIP7-mediated  zinc 

wave63,67,68
(Figure 1.6). The Free “labile” cytosolic zinc concentration is very low, 

ranging from picomolar to a very low nanomolar range17 Zinc release from the ER, 

resulting in inhibition of many tyrosine phosphatases, leads to uncontrolled cell 

proliferation and an increase in the growth rate and invasion of tamoxifen-resistant (TamR) 

breast cancer63,69.  

 

MTs are ubiquitous intracellular proteins characterised by low molecular weight (6-7 kDa) 

30,70. They are composed of 61-68 amino acids, twenty conserved cysteines (Cys) residues 

that can bind to seven zinc atoms, no aromatic amino acids, and an ability to complex 20% 

of intracellular free zinc decrease its level to Nanomolar or less concentrations30,70. MT 

expression is controlled by metal-responsive-element-binding transcription factor-1 

(MTF-1)22. MTs can bind to copper and zinc through their thiol group in the cysteine 

residues and promote their detoxification to prevent cell death by apoptosis71.  Four 

mammalian MT isoforms have been detected and investigated: MT-I, MT-II, MT-III, and 

MT-IV72. MTs are mainly distributed in the cytoplasm and bind up to seven zinc ions in 

two separated zinc/thiolate clusters, Zn4Cys11 (a) and Zn3Cys9 (b)71,72. Each zinc binds to 

four sulfurs from the cysteines (Figure 1.7). MT-I and MT-II are located throughout the 

body, with the highest concentration in the kidney, liver, pancreas, and intestine, whereas 

MT-III is located mostly in the brain and MT-IV in stratified tissues28.  
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Figure 1.7:  a and b clusters of metallothionein (MT). 

The N terminal b cluster of metalothionein binds to three zinc atoms utilisis nine cysteins, while the 
C terminal a cluster binds to four zinc atoms utilising eleven cysteines. Sourse(B.Vallee and S.Bell, 
2009)28 
 

Figure 1.6 : Schematic showing ZIP7-mediated zinc handling in cells 

ZIPs in the plasma membrane mediate zinc entrance into cells while is immediately buffered by 
metallothionein and glutathione in a zinc muffler. ZnTs are responsible for storing zinc in the ER/ Golgi. 
ZIP7 mediates zinc release in response to phosphorylation by protein kinase CK2, which generate “zinc 
wave” released from endoplasmic reticulum store63,74,75. The released zinc ions promote the inhibition of 
multiple tyrosine phosphatases leading to cell proliferation and metastasis63,74,75. 
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1.7 ZIP Cellular Location and Phosphorylation Site: 

 
ZIP transporters are responsible for increasing cytosolic zinc by promoting zinc transport 

from either the extracellular fluid or the lumen of the intracellular compartments into the 

cytosol17. Most ZIP transporters are located in the plasma membrane except for ZIP7 and 

ZIP13, which are found on the endoplasmic reticulum and Golgi membranes, 

respectively58,73.  

 

Zinc transporter ZIP7, also known as SLC39A7 (solute carrier family 39 zinc transporter 

member 7), contains eight transmembrane domains, with a more extended extracellular N 

termini domain than other types of ZIP family58. ZIP7 has been reported on the membrane 

of the ER by using fluorescent microscopy58,73. ZIP7 is proposed to be a gatekeeper for 

intracellular zinc release from the ER, named a “zinc wave” in response to phosphorylation 

by protein kinase 2 (CK2) at residues S275 and S276 in the histidine-rich intracytoplasmic 

loop between TM3 and TM463,74,75. This phosphorylation is activated approximately 2 

minutes after exposure to extracellular stimulation such as zinc or epidermal growth factor 

(EGF)75. 

 

ZIP7-mediated zinc release from intracellular stores promotes the inhibition of multiple 

tyrosine phosphatases, which in turn prevents dephosphorylation of many receptor tyrosine 

kinases (RTK) such as Epidermal Growth Factor Receptor (EGFR), ErbB2, and Insulin-

like Growth Factor Receptor 1 (IGF1-R), which are highly expressed and activated in 

cancer and play an essential role in the development of tamoxifen-resistant breast cancer63. 

Downstream activation of receptor tyrosine kinases leads to activation of mitogen-

activated protein kinases (MAPKs) and AKT (Figure 1.8)
69,75. Activation of these tyrosine 

kinases drives cell survival and proliferation63,74–76. This mechanism explains how zinc 

was classified as a second messenger because extracellular stimulus resulting in release 

zinc within a few minutes, leading to activation of many downstream signalling 

pathways25. CK2 inhibition has been shown to cause cell death in anti-estrogen resistance 

MCF7 cell line77. In addition, CK2 inhibition has been shown to be a potential therapeutic 

target for different cancers such as glioblastoma, bladder cancer, and leukemia78–81. Taken 

together, the data imply the critical role of downstream signalling pathways of the ZIP7 
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transporter in anti-hormone breast cancer, and the CK2 inhibitor is a promising target in 

resistance breast cancer-suffering patients. 

 

 
 
 
 
 
. 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.8 Nuclear Membrane: 
 
The nuclear envelope (NE) is composed of two lipid bilayers: the inner nuclear membrane 

(INM) and the outer nuclear membrane (ONM), which are separated by a 30-50 nm 

perinuclear space (PNS)82,83 (Figure 1.9). The nuclear pore complex (NPCs), which serve 

as a transport hub and regulate the macromolecule trafficking across the nuclear envelope, 

is embedded in the nuclear membrane82. The Inner nuclear membrane (INM) faces the 

nucleoplasm, containing integral membrane proteins such as lamin B receptor, LEM 

domain-containing proteins (for lamina-associated protein 2 (Lap2)-emerin-MAN1), and 

SUN domain-containing proteins (for Sad-Unc-84 homology), which link the INM to 

Figure 1.8: Downstream pathway of ZIP7 mediated zinc release. 

Upon activation with an extracellular stimulus, protein kinase CK2 phosphorylates ZIP7 at residues 
S275 and S276 in the histidine-rich cytoplasmic loop between TM3 and TM4, resulting in zinc 
release from the endoplasmic reticulum as a “zinc wave” 63,74,75. The released zinc ions promote the 
inhibition of multiple tyrosine phosphatases, which in turn prevents dephosphorylation of many 
receptor tyrosine kinases (RTK), which leads to cell survival and proliferation63,74,75 

= Zinc
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chromatin and nuclear lamina via their nucleoplasm domains83–85. The outer nuclear 

membrane (ONM) continuity with the rough endoplasmic reticulum83,84. The integral 

membrane proteins bind to the nuclear lamina and connect the nuclear envelope to 

chromatin to maintain the nuclear envelope's structural integrity85. In mitosis, the nuclear 

lamina, nucleoporin, and inner nuclear protein all undergo phosphorylation by mitotic 

kinases resulting in their depolymerisation and detachment from the nuclear envelop(NE), 

causing a breakdown of nuclear envelope85,86. 

 

 

 

 

 

 

The nuclear face of the inner nuclear membrane is covered by alpha-helical rod-shaped 

proteins called nuclear lamina85 (Figure 1.9). The nuclear lamina is a nuclear intermediate 

filament protein composed of (B-type and A/C type) with ~10 to 20 nm diameter87. This 

filament meshwork has a role in binding and supporting the inner nuclear membrane 

proteins and plays an essential role in sustaining the nuclear envelope structure, helping to 

protect the chromatin, and maintaining the normal cellular physiology88. The endoplasmic 

Figure 1.9: Schematic Showing Nuclear Envelop. 

The nuclear envelop composed of two separated membrane: the inner nuclear membrane (INM) 
and the outer nuclear membrane (ONM) which fused at nuclear pore. The outer nuclear membrane 
(ONM) is continuous with endoplasmic reticulum. The inner nuclear membrane (INM) contains 
integral membrane proteins such as Lamin B receptor and emerin.  
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reticulum (ER) is the most abundant organelle in the cell and is responsible for various of 

cellular functions89. The ER is an essential and primary site for integral proteins synthesis, 

protein folding, protein translocation, and protein post-translational modifications89. 

Newly synthesized proteins are generated in the ER. Some proteins can be selectively 

retained in the INM by moving through the nuclear pore complex, and others translocate 

to the plasma membrane or Golgi85. ZIP7 act as a gatekeeper to release zinc from the ER 

after phosphorylation by protein kinase CK263,74,75. 

 

Nuclear pore complexes (NPCs) are an aqueous multi-subunit protein embedded 

throughout the nuclear envelope and connects the inner and outer nuclear membrane90 

(Figure 1.9). NPCs act as transport channels that control the nucleocytoplasmic trafficking 

of macromolecules such as proteins and RNA that affect gene expression, growth and 

proliferation, signalling, cell cycle control, and death84,91. The nuclear pore complex is 

composed of 3 subunits: cytoplasmic filaments, a central core, and the nuclear basket91. 

Each nuclear pore complex contains multiple copies of approximately 30 proteins subunits 

termed nucleoporins (Nups)92, which weigh more than 60 megadaltons (MD) and play an 

essential role in NPC assembly and function93,94. The NPC allows two types of pathways 

via its central channel or peripheral channel95. Small metabolites, proteins, and ions that 

are smaller than 40 kDa can diffuse passively through the central channel of the nuclear 

pore with the assistance of nuclear transport receptors96,97. However, larger molecules such 

as proteins and RNA molecules are actively transported and require specific targeting 

signals (nuclear localization sequences NLSs) to enter the nucleus through the central and 

peripheral channel of NPC84. The active transport of cargo greater than 40 kDa needs 

soluble receptors known as karyopherin in yeast and importins and exportins in mammals 

that recognise nuclear localisation and export signals (NLSs and NESs), respectively. 

Karyopherin is a member of the importin ß family that acts as transporter factors for 

shuttling macromolecules through the nuclear pore complex98. Importin-α is an adapter 

molecule that recognises the nuclear localisation signals (NLS) part of the cargo to link it 

to the ß -Karyopherins (importin-ß), facilitating the nuclear internalisation through the 

central channel of the nuclear pore complex.  Importin α and ß must work together to dock 

protein through NPC efficiently99. 
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1.7  Integral membrane protein targeting to the inner nuclear 

membrane: 

 
A previous study has proposed that the integral INM proteins are synthesized in the ER100. 

Then they diffuse through the peripheral channel of NPC to be retained in the inner 

membrane through interactions with nuclear components such as lamins and chromatin100. 

Few studies showed that Lamin B receptors bind to the nuclear lamins via its long 

nucleoplasm NH2-terminal domain, keeping it INM101–103. It is essential to understand the 

way of ZIP7 trafficking and its function in the nuclear membrane, which could play crucial 

roles in the nuclear zinc level resulting in cancer developments through activation of many 

transcription factors that have zinc finger domain. This project aims to determine the 

nuclear localization sequence of ZIP7 to address the ZIP7 translocation mechanism into 

the nucleus. 

 

Studies have been shown that the nucleoplasm domains of nuclear proteins contain 

potential sorting signals called nuclear localization signals (NLS) which are necessary and 

sufficient short stretches of basic amino acids (lysine-rich) to destine those proteins to the 

nucleus104. The classical or the importin α/β pathways which mediate through the 

recognition of nuclear localization sequences (NLSs) by an adaptor protein called 

importin-α (karyopherin-α) to form a trimeric complex composed of NLS-protein/Imp-

α.Imp-ß105. Importin-α recognizes and binds to NLS105. Importin-ß translocate the complex 

through interaction with the FXFG domain of nucleoporin in the nuclear side of the nuclear 

pore through its FXFG domain binding site105. The classical NLS could be monopartite or 

bipartite. The monopartite NLSs contain a single cluster of 4-6 positively charged amino 

acids (arginine or lysine) in a formula of K-R/K-X-R/K or four consecutive basic amino 

acids like in Simian virus 40 (SV40) large tumour antigen NLS (126PKKKRRV132)106. 

Substitution of the critical residue Lys 128 (K128) with Asparagine (N)107 or threonine 

(T)108 leads to stopping the function of NLS, resulting in accumulating the protein in the 

cytoplasm rather than nucleus109. Bipartite NLSs have two stretches of basic amino acids 

separated by 10-12 amino acid linker exemplified by the Xenopus phosphoprotein 

nucleoplasmin (150
KRPAATKKAGQAKKKKLDK170)8 , which was characterized more 

than 20 years ago110.  Nucleoplasmin is the most abundant protein in the nucleus of 

Xenopus oocyte111. It participates in a wide variety of essential cellular activities, and one 
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of them is nucleosome assembly112. Nucleoplasmin is an acidic factor that binds to histone 

H2A and H2B and transfer them to DNA to form nucleosome112. A recent study has 

discovered novel tripartite NLSs consisting of three basic amino acid clusters 

(645RRRHIVRKRTLRR657) in the juxtamembrane region of EGFR, and mutation in any 

of these basic amino acids affected the nuclear localization of EGFR113.  

 

1.9 Role of Zinc in Oncogenesis: 

 
Zinc has been shown to inhibit protein tyrosine phosphatases114, resulting in inhibiting the 

dephosphorylation of many tyrosine kinase receptors, which are overexpressed in cancer69. 

Moreover, zinc activates EGF receptor and MAPK molecules, which both have an 

essential role in breast cancer115. Matrix metalloproteases (MMPs) are proteins responsible 

for tissue matrix degradation surrounding the cells and allowing the cancer cells to spread 

from the original cancer (metastatic). Zinc has been shown to have a role in regulating the 

function of MMP as it is a zinc-binding motif116. This highlights the role of zinc in cancer 

development and progression.  

 

Breast cancer is one of the most common cancers among women, and it is the primary 

cause of mortality in females around the worlds117. According to the World Health 

Organization (WHO), the early detection of breast cancer improves the outcome and 

survival of the patients. The women with breast cancer are treated with a combination of 

surgery, chemotherapy, and radiotherapy118. However, making the treatment more 

personalized will decrease the side effect and improve the overall survival rates. 

 

Breast cancers are different compared to each other due to their receptor status and gene 

expression119. Breast cancer has three immunohistochemical biomarkers, which are:  PR 

(progesterone receptor), oestrogen receptor and HER2 (human epidermal growth factor 

receptor 2)120. Doing biomarker analysis to know the hormone receptor status in breast 

cancer patients is necessary to establish the proper therapy. Also, knowing histologic 

grade, lymph vascular spread, and patient age is important121. In general, 70-75% of 

invasive breast carcinomas express oestrogen receptor, and these breast cancers depend on 

oestrogen signalling for their growth and survival120,122. Patients with breast cancer express 

estrogen receptor responded well to the endocrine therapy123. Oestrogens have an essential 
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role in the growth and development of breast cancer by their direct inhibitory effect on the 

apoptotic machinery in breast cancer cells124,125. Oestrogen receptor positive breast cancer 

patients are treated with selective estrogen receptor modulators (SERMs), such as 

tamoxifen to prevent cell proliferation and induce cell death126,127 or  with the aromatase 

inhibitor, such as anastrozole, exemestane and letrozole to prevent oestrogen 

production128,129. Tamoxifen is used as the first line of endocrine therapy, and it acts as a 

partial oestrogen receptor agonist130. Fulvestrant (Faslodex®) is also used in endocrine 

therapy. It is an oestrogen receptor antagonist that prevents oestradiol binding to the 

oestrogen receptor130,131. Fulvestrant is a valuable second-line treatment in patients who 

developed tamoxifen resistance130. HER2 is the most important prognostic and predictive 

marker as it is overexpressed in the aggressive type of breast cancer132. Trastuzumab, 

lapatinib, and pertuzumab are mainly used to treat HER2 positive breast cancer120. 

 

Unfortunately, most patients treated with anti-oestrogen therapy develop resistance133, 

which allows the cancer regrowth and progression and highlights the importance of 

developing new potential targets. Our lab has generated a unique antihormonal resistance 

cell line to tamoxifen134 and Faslodex®135 to understand their aggressive behaviour 

mechanism better. Tamoxifen resistance cell line has been shown to have a high zinc 

level69 and high ZIP7 gene expression57. Knockdown of ZIP7 inhibits the activation of 

epidermal growth factor receptor (EGFR) and insulin-like growth factor receptor (IGF-

1R)69 both known to drive the growth of TamR cell line136.  Zinc level is significantly 

increased in tumour areas with oestrogen-receptor positive compared to oestrogen-receptor 

negative area137, suggesting that zinc could have a role in regulating oestrogen in breast 

tissue. Also, zinc concentration in breast cancer was found to correlate to the histological 

malignancy grade, suggesting that zinc could be a potential marker for breast cancer138. 

 

Many studies have shown that intracellular zinc homeostasis is altered in cancer cells, 

which could be explained by changes in the expression of zinc transporters, especially the 

ZIP family members139. Higher zinc level is associated with breast cancer progression140 

and malignancy141. Zinc may trigger cancer development by a direct regulatory role on 

gene expression and/or cell survival or indirectly affecting the activity, function, and/ or 

survival of immune cells that attack tumour cells27. The zinc level in breast and lung cancer 

patients is significantly elevated compared to normal human tissue using atomic emission 
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spectroscopy and mass spectrometry142. Also, the N-methyl-N-nitrosourea (MNU)-

induced rat mammary tumorigenesis model has shown the zinc level to be 12 fold higher 

in a mammary tumour than a healthy mammary glands143. Several studies have been shown 

that the level of zinc in tumour breast tissues is higher than normal breast tissue144,145. 

 

Measuring the serum zinc level in patients with breast cancers was very low compared to 

healthy person145–147, while other study observed that the serum zinc level in patients with 

breast cancer is increase148 and other study showed no changes in serum zinc level149. In 

addition, measuring the zinc level in the hair showed that the zinc level is decreased 

compared to healthy person150 or no change in hair zinc level149. Another study confirmed 

the relationship between low serum and hair zinc levels and the risk of breast cancer144. 

Further study showed the association between serum zinc and breast cancer as the serum 

zinc in patients with breast cancer has not changed, but their hair zinc level is low 150.  A 

meta-analysis study showed that serum zinc is low in most cancers type145. Interestingly, 

measuring the zinc level from breast cancer tumours showed a significantly high level 

compared to normal breast tissue141,142,150. Those results are also confirmed in the N-

methyl-N-Nitrosourea (MNU) rat model, where the zinc concentration in the mammary 

tumour was observed to be a 19 fold increase compared to normal mammary tissue151. 

Another study has supported this data showed a 12 fold increase in zinc level in mammary 

tumours of MNU rat model compared to normal mammary tissue152. It is worth noting that 

zinc has a high ability to bind to albumin in the blood, which could be one reason why zinc 

is lower in serum153. Zinc is well known to associate cell cycle progression as G1, and G2 

phases depend on zinc34 . So, another reason why serum zinc is lower compared to tumour 

zinc level, that the cancer cells may need more zinc during their uncontrolled growth, and 

this cause a decrease in zinc from plasma. So many factors have been shown to affect the 

serum zinc level, either physiological or pathological20.  That suggests that measuring the 

zinc level directly from breast tumour tissue is more accurate to determine zinc content. 

Knowing that the zinc level is high in breast tumour tissue, especially the aggressive type, 

suggest that zinc have a role in breast cancer. So, by further investigating the exact role of 

zinc and downstream pathways in breast cancer, we could discover a new therapeutic 

target. 
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1.10 Zinc Transporters and Cancer  

 
It is clear from the studies above that zinc has a significant role in cancer, and its level is 

different in each cancer type. It is essential to examine the mechanism of action of zinc in 

cancer to know the appropriate clinical target. It is complicated to study zinc itself. To 

overcome this issue, the research has begun to explore the zinc transporter's location and 

expression to know how they alter zinc status. Alteration in the expression levels of ZIP 

transporters and malfunction of intracellular zinc homeostasis can contribute to the onset 

and severity of various cancers49,154.  

 

ZIP1, ZIP2, and ZIP3 have been reported to be downregulated in prostate cancer155.As a 

result of the dysregulation of those ZIP transporters, the zinc level is very low in prostate 

cancer compared to normal prostate tissue156.  ZIP6 is the first member of the LIV-1 

subfamily overexpressed in breast cancer157. ZIP7, ZIP6 and ZIP10 are reported to be 

overexpressed in breast cancer and associated with metastasis of cancers to the lymph 

nodes50,158,159. The expression of ZIP4 has been reported to be five times higher in 

pancreatic cancer than in normal tissue, contributing to higher proliferation, migration, and 

progression160 ZIP4 increases IL-6, which activates STAT3 and leads to increased cell 

proliferation by increasing cyclinD1161. ZIP4 silencing in different pancreatic cancer cell 

lines decreased the cell migration and proliferation160.  ZIP4 also has been implicated in 

the zinc level of hepatocellular carcinoma162. Zinc level has been shown to significantly 

decrease in hepatocellular cancer resulting from the downregulation in the expression of 

ZIP4163 and ZIP14163. ZIP14 expression also is used as a potential biomarker164 or a 

therapeutic target in colorectal cancer165. 

 

Those evidence showed the sequences of zinc transporter dysregulation in cancer. Most 

zinc transporters are upregulating in cancer, which suggests the need for zinc in cell 

proliferation and metabolism. Knowing the mechanism of ZIP transporters and zinc 

signalling in different carcinomas will open the door to potential clinical biomarkers and/or 

treatments for a wide variety of cancers. 
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1.11 ZIP7 and breast cancer: 

 
ZIP7 plays an essential role in regulating zinc release from the intracellular store, resulting 

in the activation of tyrosine kinases that are required for cell growth and migration63. ZIP7 

has been reported to be overexpressed in tamoxifen-resistant (TamR) breast cancers 

leading to an increase in tumour cell invasion and growth63,69. The intracellular zinc level 

in TamR is double compared to MCF7 breast cancer cells69, which suggests that zinc level 

is higher in the aggressive form of diseases. Zinc level has been reported to be a useful 

biomarker for breast cancer, and its concentration correlates to the histological malignancy 

grade138.  

 

ZIP7-mediated zinc release in the form of a zinc wave caused activation of ErbB2, EGFR, 

IGFI-R, Src, Map Kinase and serine/threonine protein-kinase, which are highly expressed 

in breast cancer and have been contributing to tumour cell proliferation, invasion and 

growth rate63,69. This effect was eliminated when ZIP7 was removed using small 

interfering RNA technology (siRNA)69. Also, recently ZIP7 knockdown shown to inhibit 

cell growth and induce apoptosis in human colorectal cancer cells166. The growth of the 

Tamoxifen-resistant (TamR) breast cancer cell line mainly relies on the EGFR/MAPK 

pathway, which is a potential therapeutic target for antihormone-resistant tumors64,134. A 

recent study developed an immunostaining test that detected pZIP7 in breast cancer clinical 

samples and showed a higher pZIP7 level in antihormonal resistance samples, especially 

tamoxifen resistance167. This evidence suggests that the phosphorylated ZIP7 could be a 

potential biomarker in the aggressive type of cancer cells and could be a targeted therapy. 
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1.12 Hypotheses, aims and objectives of this project 

 
Our group were the first to discover that ZIP7, located on the endoplasmic reticulum, is 

the hub of zinc release from stores within cells57,63,158. ZIP7 needs phosphorylation by CK2 

on residues S275 and S276 to release zinc from ER store, which activates PI3K, AKT, 

mTOR, MAPK, and other important signalling pathways known to drive cancer 

progression74. Knowing the importance of phosphorylation in the regulation of ZIP 

transporters, this project further investigates the new potential phosphorylation sites of 

ZIP7, which will help us understand how ZIP7 is activated and regulated. A recent study 

in our group demonstrated that ZIP7 expression is elevated in anti-hormone resistance 

breast cancer, suggesting the importance of ZIP7-mediated zinc release in driving the 

growth of these cells167. Knowing the role of ZIP transporters and zinc in the progression 

of many carcinomas168, especially breast cancer, highlights the potential therapeutic zinc 

signalling target treatment. So, this project expanded the previous work in our group to 

assess the role of ZIP7-mediated signalling in driving the growth of different cancer, which 

will provide new cancer targets. Probing for ZIP7 in cells showed ZIP7 location on the 

ER, and it always appears to be located on the nuclear membrane. This is the first time any 

zinc transporter has been found around the nucleus, which could have a role in transporting 

the zinc to the nucleus that is essential for gene transcription, especially in cancer. This 

project is to investigate the nuclear localization of ZIP7 further and determine whether it 

has a critical role in cancer development. 

 

 
1.12.1 Hypothesis 
 

The hypotheses of the current project are: 
 

1. Gate release from ZIP7 is influenced by phosphorylation sites additional to those 

previously.  

2. ZIP7 levels are increased in different cancers. 

3. ZIP7 is located in the inner nuclear membrane resulting in the activation of nuclear 

pathways leading to cancer development. 
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1.12.2 Aims	and	objectives:	
 

The aims for this project were: 
 
Aim 1: To predict phosphorylation motifs within the LIV-1 subfamily that contribute to 

gated release, and to investigate the expression level of ZIP7 in different cancers. 
 

Objectives for Aim 1 
a. Informatic and metadata analysis were used to investigate the amino acid 

sequences of the LIV-1 subfamily to enable comparison between family 

members. 

b. Search for any predicted phosphorylation sites of ZIP7 using multiple online 

database sites to investigate whether S275 and S276 were the only functional 

sites in ZIP7. 

c. Identify ZIP7 localization motifs such as for the endoplasmic reticulum and 

nucleus using different online prediction databases. 

 

Aim 2: Investigate the potential role for ZIP7 in breast cancer progression. 

 

Objectives for Aim 2 
a. Gene expression and survival analysis web tools were used to investigate ZIP7 

gene expression in different cancers and to document the role of ZIP7 in breast 

cancer survival outcome. 

 

Aim 3: Confirm the nuclear localization of ZIP7 and investigate the mechanism of the    

nuclear translocation. 

 

Objectives for Aim 3 
a. Determine the nuclear localization of ZIP7 and pZIP7 by colocalization analysis 

using inner nuclear membrane markers and high-resolution microscopy. 

b. Generate ZIP7 mutants lacking the potential nuclear targeting signals and 

investigate their effect on cellualr location and function. 

c. Use phospho-kinase arrays to examine changes to the ZIP7 downstream pathways 

according to cellular location of ZIP7 that may lead to cancer progression. 
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2. Chapter 2: Materials and Methods 
 

2.1  Cell Preparation and Treatment 

2.1.1 Cell Culture 

 
MCF−7 (human breast carcinoma) cells were grown in Roswell Park Memorial Institute 

(RPMI) medium (Gibco, UK) that was supplemented with 5% foetal bovine serum (FBS), 

200mM L-glutamine, antibiotics (10 IU/mL Penicillin, 10 μg/mL Streptomycin), and 

fungizone (2.5 μg/mL Amphotericin B) (Gibco) and incubated at 37°C with 5% CO2. The 

medium was changed every three to four days. For experiments, cells in a T25 flask were 

trypsinised when they reached 90% confluence by using 5 mL of trypsin for 3-5 minutes 

at 37oC or until cells were in suspension. Then, cells suspension was neutralised using an 

equal amount of medium with serum. After re-suspending the cell pellet in medium with 

serum, 100 μL of the cell suspension was added to 10 mL Isoton II balanced electrolyte 

solution (Beckman Coulter). The number of cells present was determined using a Coulter 

counter (Beckman Coulter) at least twice, and 1-3x105 cells were seeded into 35 mm dishes 

with 22x22 mm ultra−thin glass coverslips (0.17 mm thick) for immunofluorescence or 

without coverslips for western blotting.  

2.1.2 Transfection 

 
MCF-7 cells at 60 -90 % confluence were transfected with plasmid DNAs of wild-type 

ZIP7 or mutant constructs by using Lipofectamine-3000 transfection reagent (Invitrogen). 

The C-terminal of the recombinant DNA contained a V5 tag which allowed visualisation 

with a V5 antibody by immunofluorescence. 4ug of plasmid DNA was diluted in a 188 μL 

serum-free phenol-red-free RPMI medium (Gibco). Likewise, 7.5 μL Lipofectamine 3000 

was diluted in a188 uL serum-free phenol-red-free RPMI medium (Gibco). Subsequently, 

the plasmid DNA and Lipofectamine 3000 was mixed within 5 minutes. Then the mixture 

was further incubated at room temperature for at least 20 minutes, while the medium in 

each dish was replaced with 1015 μL medium with serum. After 20 minutes of incubation, 

380 μL of Lipofectamine and DNA mixture was added to the cells. The cells were 

incubated in the transfection mixture at 37°C for 18 hours before being harvested with or 

without zinc treatment. 
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2.1.3 Zinc Treatment 

The transfected MCF-7 cells were treated with 20 μM zinc in the presence of 10 μM 

sodium pyrithione (zinc ionophore) in phenol−red−free RPMI medium with glutamine, 

but without serum at 37°C, before being fixed for immunofluorescence, or lysed for protein 

assay. 

2.2  Site-directed mutagenesis 

 
Site-directed mutagenesis was performed by Mutagenex Inc. to generate mutant ZIP7 

constructs. The DNA of wild type ZIP7 and mutant constructs was inserted into the 

ampicillin-resistant plasmid vector, which has a V5 tag at the carboxyl-terminus. The 

mutations were confirmed by DNA sequencing (Figure 2.1, 2.2, and 2.3). In the phospho-

null mutants (inactive mutant), the serine residues were mutated to alanine (Table 2.1). 

The alanine contains a methyl group (-CH3) in the lateral chair which prevents its 

phosphorylation. However, the serine contains a hydroxyl (-OH) group which are often 

phosphorylated. While the phospho-mimetic mutants (constitutively active mutant), the 

serine mutated to aspartate.  In the endoplasmic retention signals, ZIP7 mutants and 

nuclear localization signals ZIP7 mutants, all the basic residues were mutated to alanine. 

ZIP7 mutants that have been used in this project are listed in Table 2.1. 

 

Table 2.1 DNA sequences of ZIP7 mutants used in this project 

Construct Wild-type DNA sequence Mutant DNA sequence 
ZIP7 S275A S276A CAGAGCTCAGAG CAGgcCgCAGAG 
ZIP7 S275D S276D CAGAGCTCAGAG CAGgaCgacGAG 
ZIP7 S293A GGAGGGAGCACAGTA GGAGGGgcCACAGTA 
ZIP7 T294A GGAGGGAGCACAGTA GGAGGGAGCgCAGTA 
ER1A TCTCCCCGGCATCGCTCT TCTgCCgcGgcTgcCTCT 
ER1B CCCCGGCATCGCTCT CCCgcGgcTgcCTCT 
ER2 AGACATGTGAAAGGA AGAgcTGcGgcAGGA 
ER3 ACCAAGGAGAAGCAG ACCgcGGcGgcGCAG 
ER4 TGCAGCAAAAAGCAG TGCgcCgcAgcGCAG 
NLS1 CAGAAGAGGCGAGGA CAGgcGgcGgcAGGA 
NLS2 AGAAAAAAGAGGC GAAgcAgcAGGC 
NLS3 NLS1  and NLS2 in the same sequence   

 
The letters in bold represents the DNA bases of the wild type ZIP7 sequence that were mutated 
by site-directed mutagenesis. The mutated bases are indicated on the right by lower case letters in 
bold. 
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Figure 2.1 DNA sequences of ZIP7 S293A and T294A mutants. 

The schematic shows that underlined individual serine (codon AGC) or threonine (codon ACA) at 
the predicted nuclear localization signals in WT-ZIP7 were successfully mutated to alanine (codons 
GCC, GCA). 

Figure 2.2: DNA sequencing of ZIP7 ER retention signals of ZIP7. 

The schematic shows that underlined individual lysine (codons AAG, AAA) or arginine (codons 
CGG, CGC, AGG, CGA, AGA) or histadine (codon CAT) at the predicted endoplasmic retention 
signals in WT-ZIP7 were successfully mutated to alanine (codons GCG, GCA). 
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2.3  Plasmid Preparation: 

 
The transformation was performed by inserting recombinant WT ZIP7 or mutant ZIP7 

DNA constructs containing a C-terminal V5 tag into an ampicillin-resistant cDNA3.1/V5-

His-TOPO plasmid vector and amplified by transformation in JM-109 E. coli competent 

cells. The instructions from EndoFree Plasmid Maxi Kit (Qiagen) protocol were followed 

for DNA purification. Briefly, to grow the colony, bacteria were plated on 15 mL agar 

plates containing 30 µL (100 µg/mL) ampicillin (1:500) overnight at 37ºC. The next day, 

a single colony was selected and placed in 5 mL Luria-Bertani (LB) medium with 100 

µg/mL ampicillin (1:500) and placed in a shaker 200 rpm at 37ºC for 8 hours of vigorous 

shaking. The starter culture was diluted 1/500 into 150 ml LB medium containing 100 

Figure 2.3 DNA sequencing of ZIP7 NLS mutants. 

The schematic shows that underlined individual lysine (codons AAG, AAA) or arginine 
(codons AGG, CGA, AGA) at the predicted nuclear localization signals in WT-ZIP7 
were successfully mutated to alanine (codons GCG, GCA). 
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µg/ml ampicillin and further cultured with vigorous shaking for 8 hours at 37 ºC. Bacterial 

cells were harvested by centrifugation at 6500 rpm at 4 ºC for 15 minutes and the bacterial 

pellet was resuspended in 10 ml Buffer P1, containing 100 µg/mL RNase and 1x lyseBlue. 

Then 10 mL of Buffer P2 was added to the cells and incubated at room temperature for 5 

minutes. To enhance precipitation of lysate, 10 mL of chilled Buffer P3 was added and 

cleared by filtration using a QIAfilter Cartridge. Then, 2.5 mL of Buffer ER was added to 

the filtrated lysate and incubated for 30 minutes on ice to remove the endotoxin. QIAGEN 

-tips were used to purify the plasmid DNA and DNA was eluted with 15 mL buffer QN. 

The resulting DNA was precipitated by 10.5 mL isopropanol and centrifuged for 30 

minutes. The pellet was washed with 5 mL endotoxin-free 70% ethanol and left to air dry 

for 10 minutes. Finally, the DNA was dissolved in 300 µL of endotoxin-free Buffer TE. 

DNA concentration and purity were determined by UV spectrophotometry at 260 nm 

(OD260).  

 

2.4  Immunofluorescence: 
The cells were 70-80% confluence on the coverslips when harvested for the best imaging 

results using fluorescence microscopy. Before harvesting, some of the coverslips were 

treated with zinc at different time points, as described in section 2.1.3. The coverslips were 

loaded into a rack to fixing with 3.7 % formaldehyde (Sigma Aldrich) for 15 minutes, then 

washed in Phosphate Buffered Saline (PBS) twice for 5 minutes each time. The fixing step 

was necessary to preserve the structure of the cells and to immobilise antigens. In the 

meantime, the dishes were washed three times with permeabilisation buffer to remove all 

the medium in which the cells had been seeded. The cells were then permeabilised using 

permeabilisation buffer with 1% bovine serum albumin (BSA) (Sigma Aldrich) to block 

the non-specific binding sites of the antibodies, and 0.4% saponin (Sigma Aldrich) made 

up in PBS for 15 minutes. Saponin is a detergent to permeabilise the cell membrane 

allowing the primary antibodies to detect the antigens inside the cells. The coverslips were 

then blocked with 10% normal goat serum (DAKO, UK) made up in permeabilisation 

buffer for 15 minutes to block the non-specific binding of the secondary antibodies. After 

that, the cells were incubated with the two primary antibodies (Table 2.2); one mouse and 

one rabbit, to detect two different antigens at the same time, for at least 1 hour in a moisture 

chamber followed by washing three times with permeabilisation buffer. After washing, the 

cells were incubated with fluorescent secondary antibodies (Table 2.3), usually a 
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combination of anti-rabbit Alexa Fluor-488 (green) and anti-mouse Alexa fluor-594 (red) 

(Molecular Probes, Invitrogen, USA) for 30 mins, with light protection. After the 

secondary antibody, Alexa Fluor-488 phalloidin (green) (1:5) was added for 20 minutes. 

In Mito-tracker experiments, 100 nM MitoTracker™ Red CMXRos (M7512, 

Invitrogen™) in medium without serum was added for 30 minutes at 37°C, followed by a 

30-minute recovery in the dye-free medium at 37°C. The coverslip was mounted on a 

microscope slide with VECTASHIELD Mounting Media (Vector Laboratories, USA) 

containing 1.5 μg/mL 4,6−diamidino−2−phenylindole (DAPI) and sealed with nail 

varnish. DAPI is a fluorescent dye that binds to nucleus DNA (blue). The stained slides 

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−level 

deconvolution. Brightness and contrast adjustments were performed using Fiji Image J. 

The coverslips were also evaluated with a Zeiss LSM 880 with Airyscan Microscope, using 

a 63x Zeiss oil immersion lens and Zeiss’s ZEN software for the Microsoft Operating 

system. Images were processed using ImageJ. The ‘RGB profiler’ plugin from ImageJ was 

used to plot co-localisation.  
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Table 2.2: Primary Antibodies 

 

 

 
 
The table indicates the supplies, species, and dilution at which antibody was used in this project. 1 
pZIP7 (S275/S276). The epitope is TKEKQ pS pS EEEEK (residues 270−281, in the cytoplasmic loop 
between TM3 and TM4). IF, immunofluorescence; WB, Western blot; CST, Cell Signalling 
Technologies. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Antibody 
 

Supplier Species Dilution 
IF  WB  

V5  Abcam (Ab15828)  Rabbit  1:1000 1:1000 
V5  Invitrogen (R960-

25)  
Mouse  1:1000 - 

tZIP7 ProteinTech  
(19429-1-AP) 

Rabbit  - 1:1000 

pZIP7 1 (TKEKQ-pS275-
pS276-EEEEK) 

In house Mouse  1:100 1:1000 

NUP98  CST (C39A3)  Rabbit  1:50 - 

Lamin A/C  CST (4C11)  Mouse  1:100 - 
Lamin B CST (D8P3U)  Rabbit  1:50 - 
Lamin B Receptor  Abcam (Ab32535)  Rabbit  1:50 - 
Protein disulfide 
isomerase (PDI) 

CST (C81H6)  Rabbit  1:100 - 

Emerin  Abcam (Ab204987)  Mouse  1:50 - 

pAKT (S473) CST (9271) Rabbit  - 1:1000 
pAKT (S473) CST (4051) Mouse  - 1:1000 
GAPDH−peroxidase CST (SC32233) Mouse  - 1:50000 
p44/42 MAPK 
(ERK1/2) 

CST (9102) Rabbit - 1:1000 

p-GSK-3α/β (S21/9) CST (9331) Rabbit - 1:1000 
P70S6 Kinase (T389) CST (9234) Rabbit - 1:1000 
P70S6 Kinase 
(T421/S424) 

CST (9204) Rabbit - 1:1000 
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Table 2.3: Secondary Antibodies 

 
Antibody  Supplier  Species  Dilution 

IF WB 
Alexa Fluor 488 Invitrogen (A11034) Goat anti-Rabbit 1/1000 - 

Alexa Fluor 488 Invitrogen (A10684) Goat anti-mouse 1:1000 - 

Alexa Fluor 594 Invitrogen (A11032) Goat anti-mouse 1/1000 - 

Alexa Fluor 594 Invitrogen (A11072) Goat anti-rabbit 1:1000 - 

HRP−linked IgG Fisher (10094724) Goat anti-mouse - 1:10000 

HRP−linked IgG CST (7074) Goat anti-rabbit - 1:10000 

Alexa Four 488 phalloidin CST(A12379) - 1:5 - 

 
The table indicates the supplies, species, and dilution at which antibody was used in this project. IF, 
immunofluorescence; WB, Western blot; CST, Cell Signalling Technologies. 
 
 

2.5  Western Blot 

2.5.1 Cell lysis and protein assay 

 
For western blot, the cells were grown in 35 mm dishes until they reached 80-90% 

confluence. After transfection with wild type or mutant ZIP7 constructs, the cells were 

treated with zinc at different time points as described in section 2.1.3. The medium was 

removed with an aspirator, and the cells were washed three times with 100 mL ice-cold 

PBS to stop the temperature-dependent zinc signalling cascades. The cells were harvested 

with 100 mL pre-prepared lysis buffer (Appendix). 50 mL of protease cocktail inhibitor 

(Sigma) was added to the lysis buffer just before use. After scraping, the cells were 

harvested into cold Eppendorf tubes on ice and left for at least one hour to release the 

proteins of interest from membranes. Next, the cells were centrifuged at 12,000 rpm 

(13684 x g) at 4ºC for 12 minutes. The pellet was discarded, and the supernatant was 

transferred to clean Eppendorf tubes. The protein concentration of the lysate was 

determined using a BioRad Microassay procedure, and the absorbance was measured at 

595nm. The samples were diluted with laemmli buffer (loading buffer) containing 0.2 M 

Dithiothreitol (DTT) (Roche;10708984001) and bromophenol blue (Merch;108122) 

(Appendix), to make a final concentration of 1 µg/µL. Then, the protein was denatured by 



  

 
 

32 

heating at 100ºC for 5 minutes and then centrifuged briefly (~ 20 seconds) at 12,000 rpm 

to deposit the condensate formed during heating. 

2.5.2 Polyacrylamide Gel Electrophoresis−Sodium Dodecyl Sulphate 

(SDS−PAGE) and Immunoblotting 

 
SDS−PAGE was used to separate proteins according to their molecular weight. The 

concentration of resolving gels used in this project was either 7.5% or 10% with either a 

10 or 15 well comb, depending on the size of the protein of interest, and the number of 

samples being tested (Table 2.4 and 2.5). 

 

 

 

 

 

 

 

 

 

 
 

Table 2.4 Recipe of stacking gel 

Table 2.5 recipe of resolving gel 
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Casting stand assembly was set up to the prepare the gel with 1.5 mm thickness. The 

resolving gel mixture was prepared and mixed gently then poured immediately by using 5 

mL pipette between the two plates. After that, the gels were immediately overlay with 200 

µL isopropyl alcohol to get a sharp interface between the resolving gel and stacking gel. 

The gel was left to polymerise for at least 30 minutes. After 30 minutes, the isopropyl 

alcohol was poured away, and the stacking gel was made as described above and poured 

onto the resolving gel. The desired comb was inserted between the spacers at the top of the 

spacer plate immediately after pouring the stacking gel, which was left to polymerize for 

at least 30 minutes.  The gel cassette sandwich was placed into the Electrode Assembly 

with the short plate facing inward. 20 µg of each sample were loaded into the wells and 

3µL of ladder. The cassette was filled with 1x running buffer (Appendix). The proteins in 

the samples were separated by SDS-PAGE at 120 V for 90 minutes. After the 

electrophoresis was completed, the gel, nitrocellulose membrane (GE Life Science; 

1060002), filter papers, and sponge were soaked in transfer buffer (Appendix) and then 

the “sandwich” (Figure 2.4) was made according to the following schematic: 

 

 

 

 

 

 

 

 

 

 

 

The sandwich was added in a blotting cassette in a Trans-Blot Module with an ice pack to 

prevent overheating and a magnetic stirring bar in the bottom to maintain uniform buffer 

temperature and ion distribution in the tank. The transfer of proteins onto the nitrocellulose 

membrane was performed at 100 V for 60 minutes. The proteins on the membrane were 

reversibly stained with 0.1% (w/v) Ponceau S (Sigma) in 5% acetic acid to check that the 

Figure 2.4: Schematic representation of "sandwich" gel and membrane setup for 
electrophoretic protein transfer. 
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transfer was successful and that each lane was evenly loaded. Then, the membrane was 

washed with 1x Tris-buffered saline containing 0.05% Tween-20 (TBST) three times to 

remove the Ponceau S staining. The non-specific proteins were blocked with 5% non−fat 

dried milk (Marvel) in TBST for 1 hour at room temperature, followed by a 30-minute 

wash in 1x TBST (Appendix). The membrane was incubated in 5mL primary antibodies 

overnight at 4ºC on a roller-bed. The primary antibody solution was made with TBST 1X 

containing 1 mM sodium azide (NaN3), 5% Western Blocking reagent (Roche), and the 

primary antibody at the required concentration (Table 2.2). The following day, the 

membrane was washed for 15 minutes with TBST at room temperature and then incubated 

with horseradish−peroxidase (HRP)−labelled goat secondary antibodies (Table 2.3) at 

room temperature for 1 hour on a roller-bed. The secondary antibody solution was made 

up with 1% Marvel in TBST 1X. Following a further 30-minute wash, Pierce® ECL 

Western Blotting Substrate (Thermo Scientific;), Clarity TM Western ECL Substrate 

(BioRad;), or SuperSignal® West Femto Maximum Sensitivity Substrate (Thermo 

Scientific) chemiluminescent substrates were used to detect the densities of protein bands 

on the blot. To visualize the protein bands, the blot was exposed to X-ray film in a dark 

room or G:BOX system were used. The densitometry data were acquired using Fiji Image 

J and analyzed using the Microsoft Excel program. The results were normalized to the 

expression of V5 for cells expressing recombinant ZIP7 or GAPDH for cells expressing 

the only endogenous protein. 

2.6  Proteome profiler antibody array 

The human phospho-kinases (R&D Systems, ARY003B) antibody arrays were used 

according to the manufactures instructions. The strategies of array signal detection are 

illustrated in (Figure 2.5). In brief, the cells were lysed in lysis buffer 6 (R&D Systems; 

895561) with Protease Inhibitor Cocktail (1:50) (Sigma, P8340). Membranes were blocked 

in arrays buffer 1 at room temperature for 1 hour, 380 μg of lysate were diluted with arrays 

buffer 1 to a final volume of 2 mL. The prepared samples were incubated with membranes 

overnight at 4ºC. The membranes were washed with 1X wash buffer and then incubated 

with detection cocktail antibody for 2 hours at room temperature. Next, the membranes 

were washed three times and then incubated with Streptavidin-HRP (1:2000) in 1X arrays 

buffer 2/3 at room temperature for 30 minutes. Then, the membranes were washed before 

adding chemiluminescent reagent mix. G:BOX system were used to detect the signals on 



  

 
 

35 

the membrane over a 10-minute period. The density of the dots was measured using Quick 

Spot Imaging Analysis Software, and the results were analysed using Microsoft® Excel 

for Mac. Heat maps were generated using the GENE-E matrix visualisation and analysis 

platform (The Board Institute). 

   

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

2.7  Statistical Analysis: 

Statistical analysis was performed by using a Paired t-test or analysis of variance 

(ANOVA) with Dunnett’s test. The difference was considered significant when the p-value 

less than 0.05 (p<0.05). Statistical analysis was performed using IBM SPSS or GraphPad 

(Prism) software. Results are displayed at mean ± standard error of the mean from at least 

three biological replicates. 

 

Figure 2.5 Human phosphokinase arrays. 

This schematic illustrates the signal detection strategy for phospho−kinase 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 proteins that 
are present in the cell lysates. Presence of particular proteins is determined by application of 
biotin−conjugated detection antibodies and HRP−conjugated streptavidin. Signals are detected 
using a standard chemiluminescence procedure. 
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2.8  Materials: 

All the materials that were used in this project are shown in Table 2.6 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2.6 Materials 



  

 
 

37 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  



  

 
 

38 

3. Chapter 3: Computer analysis of ZIP7 protein sequences and 
analysis of ZIP7 RNA expression and prognosis in different 
cancer 

3.1 Introduction 

 
Zinc is essential for living cells, and two families of zinc transporters control cellular zinc 

levels.  The ZIPs family of zinc transporter have a critical function in maintaining normal 

cell growth by controlling the cellular zinc level. Dysregulation in the level of the LIV-1 

family, which is a subfamily of ZIP transporters, could cause cancer or apoptosis44. This 

project focuses on ZIP7, which is uniquely placed on the ER, while the other ZIPs are 

located on the plasma membrane.  ZIP7 is a gatekeeper of zinc release from the ER, which 

leads to inhibition of many receptor tyrosine kinases, which has been implicated in the 

growth of tamoxifen-resistant (TamR) breast cancer69. Downregulation of ZIP7 in TamR 

cells by siRNA has been shown to prevent the zinc-stimulated activation of the receptor 

and nonreceptor tyrosine kinases69. This evidence suggests that ZIP7 could be a potential 

clinical target for diseases such as cancer. Our group has discovered that ZIP7 is 

phosphorylated on S275 and S276 by CK2, which opens the zinc channel to allow the 

release of zinc from stores169. This data highlights the importance of phosphorylation in 

the regulation of zinc transporters. ZIP7 S275 and S276 are the only residues that have 

been experimentally confirmed to be phosphorylated by CK2, resulting in zinc release 

from the ER and promotion of cell proliferation and migration75. Furthermore, ZIP7 gene 

expression is associated with the poor outcome of breast cancer patients, according to the 

Oncomine database57. Therefore, ZIP7 and zinc are considered to be cancer-promoting and 

contribute to malignant behaviour.  

 

Breast cancer incidence has been increasing for many years, and currently, it is the most 

commonly diagnosed cancer in females with a higher mortality rate170. Screening and early 

breast cancer diagnoses are crucial to reducing morbidity and mortality171,172. Several 

therapies are now available to treat breast cancer patients; however, the development of 

resistance is a considerable problem. Finding a biomarker for the detection of early-stage 

breast cancer is vital in breast cancer research173. Therefore, it is essential to identify 

prognostic markers for the disease progression and resistance to treatment and predict the 
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patient’s outcome. Gene expression and survival analysis web tools were used to analyse 

the association of ZIP7 gene expression with cancer type and survival outcome. 

 

Knowing that ZIP7 is functionally controlled by phosphorylation, it was hypothesized that 

there could also be other phosphorylation sites in ZIP7 that could play a role in its function. 

This chapter aims to analyse the protein sequence of the LIV-1 subfamily and further 

investigating ZIP7 sequences to explore any additional potential phosphorylation sites and 

the candidate kinases. The second aim is to identify ZIP7 NLS motifs and ER motifs using 

different online prediction databases. The third aim is to investigate the expression level 

and survival outcome of ZIP7 in breast cancer clinical samples. 

 

3.2 Methods 

 
To investigate the sequences of ZIP transporters, the amino acid sequences of all human 

ZIP transporters (ZIP1 to ZIP14) were retrieved from the National Centre for 

Biotechnology Information (NCBI) gene database in a text−based FASTA format from the 

Uniprot page.  The FASTA format was then aligned using the CLUSTAL O multiple 

sequence alignment program and shaded using the Boxshade online program (Swiss 

Institute of Bioinformatics). The phylogenetic tree was generated using the Phylogeny.fr 

web service. The potential transmembrane (TM) domains of the LIV-1 subfamily were 

identified by using a combination of DAS174, CCTOP175, LOCATE176, Predict protein177, 

SOPMA178, PSORT179, and TMPred180. 

 

To detect the potential phosphorylation sites in ZIP7, the following websites were used: 

PhosphoNET (Kinexus Bioinformatics Corporation), PHOSIDA (Max Planck Institute of 

Biochemistry)181, PhosphoSitePlus (PSP)182, and NetPhorest 2.1. The amino acid 

sequences indicated for the phosphorylation sites and their locations were confirmed with 

those retrieved from the UniProtKB/Swiss−Prot database (The European Bioinformatics 

Institute). Predicted kinases with the highest prediction scores were selected, and their 

functions were searched for in the UniProt Knowledgebase (UniProtKB). 

 

To investigate the expression patterns and survival outcome of ZIP7 in breast cancer 

patients, various online databases were used. GEPIA server183 was used to analyse the 
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expression of ZIP7 in common cancer types and different subgroups of breast cancer which 

also was confirmed by using UALCAN server184 and bc-GenExMiner (v4.4) online 

tool185 . The protein expression level of ZIP7 in normal breast tissues and cancer breast 

tissues was determined using Human Protein Atlas (HPA)186. Also, an online survival 

analysis tool, Kaplan Meier187–189 was used to evaluate the effect of ZIP7 expression on 

the survival outcome of breast cancer patients.  

3.3 Results 

3.3.1 Dendrogram	of	the	human	SLC39A	(ZIP)	amino	acid	sequence	
 
Fourteen human proteins have been identified as ZIP channels. The amino acid sequences 

of the human ZIP family members were retrieved from the NCBI database in the text-

based FASTA format. According to the sequence similarity of the phylogenetic tree, the 

human ZIP transporters can be categorized into four subfamilies: subfamily I (hZIP9), 

GufA subfamily (hZIP11), subfamily II (hZIP2, hZIP1, hZIP3), and the LIV-1 subfamily 

(hZIP4, hZIP5, hZIP6, hZIP7, hZIP8, hZIP10, hZIP12, hZIP13, and hZIP14) (Figure 3.1). 

Each pair in the same branch has been shown to share some common features and are more 

related to each other than pairs in other branches. Both ZIP6 and ZIP10 are grouped 

together and have both been reported to undergo an N-terminal cleavage upon activation 

and play an essential role in breast cancer growth159,190. Most ZIP transporters are on the 

plasma membrane and are responsible for increasing cytosolic zinc by promoting zinc 

transport from the extracellular fluid into the cytoplasm. In contrast, ZIP7 and ZIP13 were 

grouped together and are reported to be the only two intracellularly located in the ER and 

Golgi, respectively, rather than plasma membrane58,73. Additionally, ZIP8 and ZIP14 are 

grouped because they can transport other metals such as manganese and cadmium191–193 as 

well as iron194.  
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3.3.2 Computer	analysis	of	LIV-1	subfamily	sequences	
 

The protein sequences of all human LIV-1 subfamily were aligned using the CLUSTAL 

O multiple sequence alignment program and shaded using the Boxshade online program. 

All the TM regions were identified according to previous computer sequence analysis158. 

All ZIP transporters have an eight TMs domain, a long cytoplasmic loop between TM3 

and TM4, and a very short C-teminus33,44,45. 

The LIV-1 subfamily is distinguished by some unique features compared with other ZIP 

transporters. First, they have additional histidine-rich regions in the long N-terminus and 

in the loop between TM2 and TM3, which suggest the higher binding capacity of the LIV-

1 subfamily to zinc compared to the other subfamily as histidine is known to be a zinc-

binding amino acid (Figure 3.2 and 3.3). Second, they have a longer N-terminus with a 

maximal 408 amino acid as in ZIP10, while the maximal number of amino acids in the 

other ZIPs is 31 amino acids as in ZIP1. The longer N terminus in the LIV-1 subfamily 

suggests a more complex post-translation mechanism of the LIV-1 subfamily as the 

signal’s sequences are contained in the N-terminus195 and the post-translation modification 

in the N-terminus have been shown to participate in the functional control of protein196. 

Third, they also contain a highly conserved potential metalloprotease HEXPHEXGD 

motif within TM5 (H=histidine, E=glutamate, P=proline, G=glutamine, D=aspartate, 

Figure 3.1 Phylogenetic tree of human ZIP channels. 

The amino acid sequences of the human ZIP transporters were retrieved from the NCBI database in the 
text-based FASTA format, and then aligned with the CLUSTAL O (Maderia et al, 2019) program to 
generate the phylogenetic tree.  
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X=any amino acid) which form the conserved motif for recognition of this family of 

protein (Figure 3.3). This highly conserved motif is predicted to be a catalytic zinc-binding 

site because it is similar to the zinc-binding region of the zinc metalloproteinases61. 

Fourth, they contain a CPALLY motif (C=cysteine, P=proline, A=alanine, L=leucine, 

Y=tyrosine). The CPALLY motif is present in the majority of the LIV-1 subfamily, except 

in ZIP7 and ZIP13 (Figure 3.2), and it is located in the long extracellular N terminus 

immediately before the first TM helix44,63
.  

 

ZIP8 and ZIP14 transporters are not strict about transporting zinc only. However, they can 

also transport other metals across cell membranes such as manganese, iron, copper, and 

cadmium17. The first conserved histidine residue in TM 5 (HEXPHEXGD) may play an 

important role in zinc transport specificity44. ZIP8 and ZIP14 have a glutamic acid (E) 

instead of the first histidine (H) in this motif (Figure 3.4), which have been shown the 

ability to transport/bind to several divalent metal ions other than zinc such as manganese, 

iron, copper, and cadmium17,191–193.  
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Figure 3.2 Alignment of all human LIV-1 subfamily sequences (part A) 
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Figure 3.3 Alignment of all human LIV-1 subfamily sequences (part B). 
Amino acid sequences of the human LIV-1 subfamily were aligned using CLUSTAL O (Maderia et al, 2019). Residues were shaded using the 

BoxShade online program. The CPALLY motif, which contains three conserved cysteine residues, is indicated in a box. This motif is seen in the 

N−terminus of the LIV−1 subfamily, except ZIP7 and ZIP13. The predicted TM regions are also indicated with a box. The metalloprotease motif 

(CHEXPHEXGD) in TM5 is indicated in red.  
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3.3.3 Identification	of	potential	phosphorylation	sites	in	ZIP7	
 

ZIP7 has been shown to release zinc after phosphorylation by protein kinase CK2 at 

residues S275 and S27663,74,75. To explore the other potential phosphorylation sites of ZIP7 

and their predicted kinases, five websites were used. These were PhosphoSitePlus 

(PSP)182, NetPhos197 PhosphoNET, NetPhorest198, and  PHOSIDA181. Thirty predicted 

phosphorylation sites of ZIP7 were either predicted from amino acid sequences or 

experimentally confirmed by mass spectrometry; listed in Table 3.1. The majority of the 

predicted phosphorylation residues in ZIP7 are either serine or threonine. This is expected 

because 90%  of cellular protein is expected to be phosphorylated in serine/threonine by 

cellular kinases and reversed by phosphatase199,200.  

 

Interestingly S275, S276, S293, and T294 are the only residues predicted to be 

phosphorylated by all five-phosphorylation prediction software. Also, they are all 

confirmed by mass spectrometry and share the location in the long cytoplasmic loop 

between TM3 and TM4. This location implicates this domain as functionally significant 

Figure 3.4 TM5 of the human LIV-1 family of ZIP transporters 

 
The protein sequences of the LIV-1 subfamily were retrieved from NCBI and then aligned using 
the CLUSTAL O alignment program (Maderia et al, 2019) and shaded by using Boxshade. The 
metalloprotease motifs are indicated. The glutamic acid (E) in ZIP8 and ZIP14 are indicated in red. 
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in the regulation of ZIP7.  S275 and S276 are predicted to be phosphorylated by CK2, 

which has been experimentally confirmed as a key mechanism for ZIP7 activation74,75. 

S293 and T294 are interesting, predicted phosphorylation sites that will be further 

investigated experimentally in the next chapter. S293 and T294 are adjacent residues and 

are predicted to be phosphorylated by the same kinase, PIM2/3, which is known to have a 

role in cell survival and proliferation. The double phosphorylation of adjacent residues in 

the cytoplasmic loop between TM3 and TM4 is a potentially significant modification in 

the regulation of ZIP transporters. 

 

In addition to identifying ZIP7 phosphorylation sites, many databases were used to identify 

potential kinases that may phosphorylate these residues. Interestingly, the predicted 

kinases that phosphorylate ZIP7 have a role in cancer progression. ZIP7 was predicted to 

be phosphorylated by CK2 on residues S273 and S276, which regulates many cellular 

processes such as apoptosis, cell cycle progression, and transcription201–203. MAPKAPK3-

2 and PKC are also predicted to phosphorylate ZIP7, which are known to promote cell 

migration, proliferation, and survival204 and PIM1-3 is a proto-oncogenesis 

serine/threonine kinase, have a role in cell survival, differentiation, proliferation, and 

tumorigenesis205. Also, ZIP7 is predicted to be phosphorylated by mTOR, which regulates 

cell proliferation and apoptosis206. Cyclin-dependent kinase (CDK) regulates the cell 

cycle, and it is frequently overexpressed or mutated in cancer207. These kinases and their 

roles in the process of carcinogenesis and tumour progression were obtained from the 

UniProt page. Interestingly, all these predicted kinases of ZIP7 have cancer-promoting 

properties suggesting a role for ZIP7 in driving cancer growth. 
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Table 3.1: Predicted phosphorylation sites of ZIP7 and their predicted kinases. 

 

ZIP7 phospho-sites were predicted using PhosphoSitePlus (PSP) (Hornbeck et al, 2014), NetPhos 
(Blom et al, 2004), PhosphoNET, NetPhorest (Miller et al, 2008), and PHOSIDA (Gand et al, 
2011). Analysis was completed using the human ZIP7 protein sequence in FASTA format. 
Highlighted in orange are residues that were positive for mass spectrometry data and located within 
the cytoplasmic loop between TM3-4. S, serine; T, threonine; Y, tyrosine. Blank spaces indicate no 
kinase prediction. No. of rec., number of records. representing the number of proteomic studies that 
detected phosphorylation at the individual residues using mass spectrometry. 
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3.3.4 Identification	of	endoplasmic	reticulum	retention	signals	in	ZIP7	
 
The endoplasmic reticulum (ER) is the largest intracellular compartment and consists of 

tubules and flattened sacs that extend throughout the cytosol. Membrane protein synthesis, 

folding, assembly, and degradation occurs in the ER208. The ER acts as a quality control 

compartment for proteins because misfolded proteins will be retained in the ER to be 

degraded208. The correctly folded and assembled proteins are rapidly transported out of the 

ER to reside in the plasma membrane or the membrane of other organelles. For a protein 

to remain in the ER, ER-resident proteins require a specific signal composed of a short 

amino acid motif located in the cytoplasmic domain of the protein, responsible for their 

ER retention209.  The immunofluorescence picture of ZIP7 always has ER staining and a 

perinuclear ring (Figure 3.5), which suggests that ZIP7 is located in the ER and the nuclear 

envelope. To identify the sequence of ZIP7, which could have a role in ZIP7 retention in 

the ER, different online databases were used, showing that ZIP7 is predicted to have four 

ER retention motifs (Table 3.2, Figure 3.6). 

 

 

 

 

 

 

Figure 3.5 Cellular localization of wild type ZIP7 in MCF-7 cells 

 
MCF-7 cells were transfected with WT-ZIP7 for 18 hours. The cells were fixed and 
permeabilized before probing with rabbit V5 conjugated Alexa Fluor 488 (Green), and nuclei 
were stained blue with DAPI. These images were captured with a Leica RPE automatic 
microscope using a 63x magnification lens. Scale bar, 10 μm 
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3.3.5 Identification	of	nuclear	localization	sequences	in	ZIP7	
 
Imaging ZIP7 in MCF7 cells has suggested that not only is ZIP7 present in the ER, but it 

always stains a strong perinuclear ring, indicating the potential for ZIP7 to be located on 

the inner nuclear membrane (Figure 3.5). Several online databases were searched to detect 

predicted nuclear localization signals of ZIP7 (Table 3.3). The amino acid sequence of 

ZIP7 that was used for searching was a text-based FASTA format, retrieved from the gene 

database of the National Centre for Biotechnology Information (NCBI). Computer analysis 

of the ZIP7 sequence revealed two monopartite NLS motifs, which contain only one cluster 

of basic amino acids, RGVQKRRGGST (amino acids 288-290) between TM3 and TM4 

and EEKRGL (amino acids 310-311). Both sequences are located between TM3 and TM4. 

Table 3.2 Predicted endoplasmic retention signals of ZIP7.  

 

ZIP7 is predicted to have a four endoplasmic reticulum signals as shown in the table above.  

Figure 3.6 Schematic diagram that shows the location of ER retention signals in the ZIP7 
sequence. 

ZIP7 was predicted have four endoplasmic reticulum retention signals.  
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ZIP7 is also predicted to have bipartite NLSs, consisting of two clusters of basic amino 

acids starting at residue 288 and ending at residue 311 

(RGVQKRRGGSTVPKDGPVRPQNAEEEKRGLD). The predicted NLS motifs, which 

have been named NLS1-3 (Table 3.4), are detected based on the significant similarity of 

the ZIP7 sequence with already known nuclear proteins. All three nuclear localisation 

sequences are located in the long cytoplasmic loop between TM3 and TM4 (Figure 3.7), 

which is predicted to be a nucleoplasm domain when ZIP7 is on the INM. This suggests 

that ZIP7 could rely on its nuclear localization signals for transport through the nuclear 

pore complex. Figure 3.8 shows ZIP7 predicted phosphorylation sites, NLS, and ER 

retention signals on the amino acid sequence of ZIP7, which will be mutated to alanine 

and further investigated in the following chapters. 

 
 
 
Table 3.3 Online databases used to detect NLS and ER retention signals 

 

 

 

 
 
 
 
 
 
 
 

Predictor Web address Reference 

PSORT https://psort.hgc.jp Gardy et al. 
2003210 

cNLS Mapper http://nls-mapper.iab.keio.ac.jp/cgi-
bin/NLS_Mapper_form.cgi 

Kosugi et al. 
2009211 

PredictNLS https://rostlab.org/services/nlsdb/ Cokol et al.2000212 
NLStradamus http://www.moseslab.csb.utoronto.ca/NLStradamus/ Nguyen et al. 

2009213 

NucPred https://nucpred.bioinfo.se/cgi-bin/single.cgi Brameier et al. 
2007214 

SeqNLS http://mleg.cse.sc.edu/seqNLS/ Lin et al. 2013215 
ELM http://elm.eu.org Diella et al. 

2009216 
LocSigDB http://genome.unmc.edu/LocSigDB/index.html Negi et al. 2015217 
LOCATE http://locate.imb.uq.edu.au/ Sprenger et al. 

2008176 
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Table 3.4: Predicted nuclear localization sequences of ZIP7 

 
Characterization of the nuclear localization signals of ZIP7. Predicted basic amino acid residues are 

indicated in bold. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 : Schematic diagram that shows the location of NLS on ZIP7 sequences. 
 
Schematic of the three nuclear localization signals in the long cytoplasmic loop between TM 
3 and TM 4.  
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Figure 3.8 The amino acid sequence of ZIP7 zinc transporter. 

The predicted phosphorylation site of ZIP7 were highlighted in red. The predicted ER 
retention signals were highlighted in green, and the predicted NLS were highlighted in 
blue.  
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3.3.6 Analysis	the	potential	phosphorylation	sites,	ER	retention	signals,	NLS	
signals	in	various	animal	species	of	ZIP7	

 
To determine evolutionary conservation of the predicted phosphorylation sites, ER 

retention signals, and nuclear localization signals, which might imply the potential 

importance of these residues in ZIP7 post−translational control and localization, ZIP7 

amino acid sequences in different animal species were aligned. ZIP7 sequence alignment 

was performed in human, chimpanzee, gorilla, cat, rhesus monkey, dog, rabbit, bovine, rat, 

pig, sheep, panda, mouse, and horse (Figure 3.9). Evolutionary conservation of the protein 

sequences was clearly seen across these species.  Importantly, the four consecutive 

predicted phosphorylation residues, ER retention signals and NLS were highly conserved 

across the mammalian species. The predicted NLSs are in the long cytoplasmic loop 

between TM3 and TM4 close to the predicted phosphorylation sites. ER retention signals 

are located between (TM1 and TM2), (TM3 and TM4), and between (TM5 and TM6).  

Also, the four predicted phosphorylation sites were conserved in different species, which 

imply these phosphorylation sites could play an essential role in ZIP7 regulation. 
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Figure 3.9 Alignment of ZIP7 in various animal species 
Amino acid sequences of ZIP7 from human, chimpanzee, gorilla, cat, rhesus monkey, dog, rabbit, bovine, rat, pig, sheep, panda, mouse, and 
horse were aligned using the Clustral O multiple sequence alignment program (Maderia et al, 2019). Residues were shaded using the BoxShade 
3.21 online program. The regions equivalent to the TM regions (orange box) and predicted phosphorylation sites (red box), predicted 
endoplasmic reticulum signals (green box), predicted nuclear localization sequence (blue box) in hZIP7 are indicated. 
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3.3.7 Elevated	transcriptomic	levels	of	ZIP7	associated	with	cancer	

To explore the prognostic and potential therapeutic values of ZIP7 in different cancers, GEPIA 

(Gene Expression Profiling Interactive Analysis; http://gepia.cancer-pku.cn) was used to 

compare the mRNA expression level of ZIP7 in multiple tumour types with normal healthy 

samples. GEPIA it is a web-based tool to deliver fast and customizable functionalities based 

on The Cancer Genome Atlas (TCGA) and Genotype Tissue Expression project (GTEx) data, 

which scientists of Peking university developed218. TCGA and GTEx contain a large number 

of RNA sequence data of normal and cancer samples219,220. As shown in the GEPIA boxplots, 

there was a significant difference in ZIP7 expression between normal and cancer tissues 

(Figure 3.10). The red and grey boxes represent cancer and normal tissues, respectively. The 

expression of ZIP7 in tumour tissues was significantly higher than those in normal tissues (P < 

0.01), which suggests that ZIP7 may represent a potentially viable therapeutic target.  

The correlation between the mRNA expression levels of ZIP7 and the clinical-pathological 

parameter of breast cancer were further investigated; ZIP7 transcriptional levels of ZIP7 in 

different molecular subtypes of invasive breast carcinoma were analysed using the GEPIA2 

database221. ZIP7 overexpression was observed to be high in all invasive breast carcinoma 

subtypes compared with normal breast groups with a significant difference in basal-like and 

HER2 subtypes (Figure 3.11). In contrast, in luminal A and luminal B cancer, the ZIP7 level 

is increased but not statistically significant (Figure 3.11). These results suggest that ZIP7 is a 

potential biomarker for aggressive breast cancer. 
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Figure 3.10 The GEPIA boxplot of ZIP7 gene expressions in common cancers versus paired normal tissues. 
 
Boxplots describing differential ZIP7 expression between normal and cancerous tissues, represented by grey and red boxes, 
respectively. All plots were produced by GEPIA server (Tang et al. 2017) and describe matched gene expression data derived from 
TGCA and GTEx databases. Data was filtered to show only differential expression relationships significant at a P-value cut-off of 
0.01. X-axes are annotated sizes of normal (N) and tumour (T) sample cohorts.  
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3.3.8 Further	validation	of	the	relationship	between	ZIP7	expression	and	
clinical	pathological	parameters	of	patients	with	breast	cancer	

 
The expression analysis of the ZIP7 gene was further verified using UALCAN 

(http://ualcan.path.uab.edu/index.html), a data platform based on the TCGA database, the 

world’s largest and most comprehensive gene chip database222. One of the portal’s user-

friendly features is that it analyses relative expression of a query gene(s) across tumour and 

normal samples and various tumour molecular subtypes such as the individual age, gender, 

and tumour stages or other clinicopathological features. The mRNA information was unified 

as transcripts per million (TPM) reads for data comparison from different sources. Therefore, 

the correlation between the mRNA expression level of ZIP7 and the clinicopathological stage 

of patients with invasive breast carcinoma were explored via the UALCAN database. P-values 

< 0.05 were considered statistically significant. 

Figure 3.11 The transcriptional levels of ZIP7 in different subtype of breast cancer in GEPIA 

database. 

Boxplots describing differential ZIP7 expression between normal and cancerous tissues in different 
breast cancer subtype. All plots were produced by GEPIA2 server (Tang et al. 2019) and describe 
matched gene expression data derived from TGCA and GTEx databases. The red and grey boxes 
represent cancer and normal tissues, respectively. P-value cutoff 0.01 were defined. X-axes are 
annotated sizes of normal (N) and tumour (T) sample cohorts.  
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The mRNA expression levels of ZIP7 were significantly higher in tumour breast tissue than 

those in normal breast tissue (Figure 3.12). Further subgroup analysis of multiple clinical and 

pathological features of breast cancer samples consistently showed high-expression levels of 

ZIP7. The tumour stages and subclass boxplots of ZIP7 genes are shown in Figure 3.13a and 

Figure 3.13b, respectively. The results demonstrated that expression levels of the ZIP7 genes 

were significantly associated with all stages and subclasses of breast cancer compared to 

normal breast cancer tissues. In addition, the expression levels of the ZIP7 gene are 

significantly elevated in breast cancer samples than adjacent normal samples in subgroup 

analyses based on nodal metastasis status, menopause status, age, and gender of patients 

(Figure1.13 c,d,e,f). These results suggest that ZIP7 expression may serve as a potential 

diagnostic indicator in breast cancer. 

 

To further evaluate the diagnostic potential of ZIP7 as a biomarker in breast cancer patients, 

bc-GenExMiner (v4.4) online tool185  (http://bcgenex.ico.unicancer.fr/BC-GEM/GEM-

Accueil.php?js=1) was used to assess the relationship between mRNA ZIP7 expression level 

and various clinical features of breast cancer patients. Box plots are provided to visualize 

output results. ZIP7 gene expression was explored in healthy tissue, a mammary tissue without 

any link with cancer, or adjacent tumour tissue that is more or less influenced by cancer cells 

or tumour tissues185. Welch’s t-test was performed to compare the transcription levels of ZIP7 

among groups of patients based on different clinicopathological parameters185.  

 

ZIP7 overexpression was significantly higher in tumour breast cancer tissue than healthy 

normal breast cancer tissue (Figure 3.14a), which is consistent with GEPIA (Figure 3.11) 

and UALCAN database (Figure 3.14). The overexpression of ZIP7 was observed to be 

significantly higher in basal-like, human epidermal growth factor receptor 2 (HER2)-enriched, 

and luminal A and B subtypes than healthy tissues (Figure 3.14b). In addition, ZIP7 

expression was significantly higher in the oestrogen receptor and HER2 group than in normal 

tissues (Figure 3.14c and d). Moreover, ZIP7 overexpression is significantly elevated in 

triple-negative breast cancer (Figure 3.14e). According to HER2 immunohistochemistry data, 

ZIP7 was significantly higher in the HER2+ group than the HER2- group (Figure 3.14f). The 



  

 59 

results implied that ZIP7 were positively correlated with the types of high malignancy and 

poor prognosis breast cancer, which have a feature of high invasiveness, metastasis, and 

relapse. These results suggest further confirm that ZIP7 expression may serve as a potential 

diagnostic indicator in breast cancer. 

 

After examining the mRNA expression of ZIP7 in invasive breast carcinoma, the protein 

expression levels of ZIP7 were explored using the Human Protein Atlas (HPA) database186 

(https://www.proteinatlas.org). Human Protein Atlas, a website that contains 

immunohistochemistry-based expression data for approximately 20 most common types of 

cancers223. The ZIP7 antibody used for the Human Protein Atlas database was HPA053999, 

an antibody against human SLC39A7. The protein level of ZIP7 was a low expression in 

normal breast tissue (Figure 3.15). In contrast, high expression in breast cancer tissue (Figure 

3.15) suggests that ZIP7 is a potential biomarker in breast cancer patients.  

  

In summary, these results indicated that ZIP7 is more highly expressed at the transcriptional 

and proteomic level in breast cancer tissue than normal breast tissue. The higher expression 

pattern of ZIP7 revealed that ZIP7 might be a new biomarker and maybe a potential target 

therapy for patients with breast cancer. 

 

	
	
	
	
	

Figure 3.12 Relative expression of ZIP7 gene in normal tissues and breast cancer tissues. 

The box plot was obtained from UALCAN database (Chandrashekar et al.2017). Data are 
mean ± SE. ***P < 0.001. BRCA= breast invasive carcinoma samples. n= number of samples 



  

 60 

	

	
	
	
	
	
	
	
	

Figure 3.13 Box plot showing the expression of ZIP7 in subgroups of breast invasive 

carcinoma samples (BRCA) from UALCAN database. 

Box plots showing ZIP7 expression according to (a) tumour stage. (b) subclasses. (c) nodal 
metastasis status. N0=no regional lymph node metastasis, N1=metastases in 1 to 3 axillary 
lymph nodes, N2= Metastases in 4 to 9 axillary lymph nodes, N3= metastases in 10 or more 
axillary lymph node. (d) menopause status. (e) patient’s age. (f) gender. Data obtained from 
UALCAN database (Chandrashekar et al.2017). Data are mean ± SE. **P < 0.01, ***P < 
0.001. BRCA= breast invasive carcinoma samples. 
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Figure 3.14 Differential expression of ZIP7 in patients with different type of breast cancer 

using bc-GenExMiner. 

(a)ZIP7 expression in breast cancer tissue compared to normal tissue. (b) ZIP7 expression according to 
different breast cancer subtypes. (c) ZIP7 expression in ER positive and ER negative breast cancer tissue. 
(D) ZIP7 expression in HER negative breast cancer and HER2 positive breast cancer tissue. (E) ZIP7 
expression in patients with non-triple negative breast cancer (non-TNBC) and TNBC. (F) ZIP7 
expression in HER2 negative breast cancer and HER2 positive breast cancer tissue according to 
immunohistochemistry data. These data were obtained from bc-GenExMiner (Jezequel et al, 2012). 
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Figure 3.15 Immunohistochemistry of ZIP7 gene in breast cancer and normal breast tissue 

from the Human Protein Atlas (HPA). 

(a)Protein level of ZIP7 in normal breast tissue was from a 27 years-old female (antibody, 
HPA053999; patient ID, 3856; staining, medium; intensity, moderate). (b) Protein level of 
ZIP7 in normal breast tissue was from a 45 years-old female (antibody, HPA053999; patient 
ID, 3544; staining, medium; intensity, moderate). (c) The protein level of ZIP7 in breast cancer 
tissue was from a 55 years-old female (antibody, HPA053999; patient ID, 1775; staining, high; 
intensity, strong). N=normal, T=tumour. (d) The protein level of ZIP7 in breast cancer tissue 
was from a 59 years-old female (antibody, HPA053999; patient ID, 2805; staining, high; 
intensity, strong). 



  

 63 

	

3.3.9 ZIP7	expression	predicts	the	outcome	of	patient	survival	in	breast	cancer		
 
To evaluate the clinical significance of ZIP7, Kaplan Meier Plotter tools were used to explore 

the correlation between ZIP7 expression and the survival of breast cancer patients with 

different molecular subtypes. Kaplan–Meier Plotter (http://www.kmplot.com) is an online 

public database evaluating the effect of 54,000 genes on the clinical outcome of patients with 

21 different types of cancer, including 7.830 samples of breast187–189. This online tool is 

handled by a PostgreSQL server that can simultaneously integrate gene expression and clinical 

data187,224. Gene expression data and the survival information are derived from the Gene 

Expression Omnibus (GEO), The Cancer Genome Atlas (TCGA) and European Genome-

phenome Atlas (EGA). The primary purpose of the tool is the meta-analysis-based discovery 

and validation of survival biomarkers. 

 

For the prognostic value of the SLC39A7 gene (ZIP7), the Kaplan–Meier curves were plotted 

for SLC39A7 (Affymetrix ID: 202667_s_at) in different breast cancer subtypes. The cut-off 

value of gene expression was chosen as auto select best cut-off, which split the patient samples 

into two groups and plots generated accordingly. A collection of clinical data, including 

human epidermal growth factor receptor 2 (HER2) status and lymph node status, were 

collected. The Kaplan-Meier survival plots with number at risk, hazard ratio (HR), 95% 

confidence intervals (CI) and log-rank P-values were obtained using the Kaplan-Meier plotter 

website.  P-value < 0.05 was considered to be a statistically significant difference between 

high and low ZIP7 expression. The horizontal axis represents the time of the event, and the 

vertical axis shows the estimated probability of survival. The log-rank test compares the 

survival of two groups, giving  a p-value to know the statistically significant difference 

between the two groups225.	The HR will show the increased rate of having an event in one 

curve versus the other226.		Every time an event occurs, the survival probability drops until the 

end of the study period or when the number of patients at risk is 0. The number of patients at 

risk are listed below the time axis. Evaluation the association of SLC39A7 gene (ZIP7) with 

relapse-free survival (RFS), overall survival (OS) and distant metastasis-free survival (DMFS) 

was performed. The event of interest in OS curves is death. The vertical dash in the survival 
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curve represents the censored observations when the information about patient survival time 

is incomplete either for a patient who does not experience the event of interest for the duration 

of the study, or a patient drops out of the study before the end of the study observation and did 

not experience the event. So, in other words, the censored data is a type of missing data. 

 

To identify the clinical relevance of ZIP7 expression in breast cancer, the correlation between 

ZIP7 expression and clinic pathological parameters such as HER status and lymph node status 

were examined. Kaplan Meier survival curves for ZIP7 expression were plotted using the 

website. The results showed that higher expression of ZIP7 displayed a poor RFS (n=4929, 

HR=1.39, 95% CI 1.25-1.55, P-value =9.3e-10), OS (n=1879, HR=1.26, 95% CI 1.03-1.55, 

P-value =0.026), DMFS (n=2765, HR=1.24, 95% CI 1.05-1.46, P-value =0.01) than patients 

with low ZIP7 expression. Figure 3.16 a,b,c and Table 3.5 present the prognostic effect of 

the expression of ZIP7 in breast cancer. 

	
Lymph nodes (LN) have an important role in the staging and treatment of breast cancer. The 

lymph node called lymph node positive if it has some cancer cells227. Breast cancer cells in 

the lymph nodes under arm suggests an increased risk of cancer spreading. Survival analysis 

showed that LN positive patients with high ZIP7 overexpression displayed worse RFS 

(n=1656, HR=1.43, 95% CI 1.2-1.7, P-value =5.3e-05), OS (n=452, HR=1.75, 95% CI 1.22-

2.5, P-value =0.002), and DMFS (n=889, HR=1.4, 95% CI 1.03-1.88, P-value =0.029) than 

low ZIP7 expression. Figure 3.16 d,e,f and Table 3.5 present the prognostic effect of the 

expression of ZIP7 in relation to lymph node involvement. 

 

Human epidermal growth factor receptor 2 (HER2) plays a pivotal function in breast cancer 

development and progression. To confirm the key role of ZIP7 in the presence of HER2, 

Kaplan-Meier survival analysis was conducted, as shown in Figure 3.16 g,h,i. High ZIP7 

expression was associated significantly with poor survival in HER2+ patients RFS (n=882, 

HR=1.92, 95% CI 1.44-2.54, P-value =4.40e-06), OS (n=420, HR=2.1, 95% CI (1.28-3.42), 

P-value =0.0025), and DMFS (n=451, HR=1.62, 95% CI (1.06-2.49), P-value =0.024) 

compare to low ZIP7 expression. These results suggest that ZIP7 is significantly associated 

with poor prognosis in breast cancer patients who are HER2 positive. 
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In summary, as a cancer-progression driving oncogene, ZIP7 overexpression is associated 

with disease progression and malignant prognosis of LN+ and HER2+ breast cancer patients. 

So ZIP7 could be used as a predictive biomarker that might have clinical utility and act as a 

therapeutic target for breast cancer.	
 
	

	
	

	
	
	
	
	
	

Table 3.5 Relationship between ZIP7 expression and patients with breast cancer. 
 
P-value < 0.05 was considered to be statistically significant difference. Abbreviations: OS; overall 
survival, RFS; relapse-free survival, DMFS; distant metastasis-free survival, N; number of patients, 
LN+; lymph node positive. HER2+; Human epidermal growth factor receptor 2 positive. ER+; estrogen 
receptor positive. 
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Figure 3.16 Kaplan-Meier survival plots show that higher expression of SLC39A7 lead 
to worse survival 

Kaplan–Meier survival curves of breast cancer patients based on ZIP7 expression status (black lines 
indicate patients with low ZIP7 expression; red lines indicate patients with high ZIP7 expression). (a) 
RFS curve of breast cancer with ZIP7 status of 4929 breast cancer patients (p=9.3e-10). (b) OS curve 
of breast cancer with ZIP7 status of 1879 breast patients (p=0.026 ). ( c) DMFS curve of breast cancer 
with ZIP7 status of 2765 breast patients (p=0.01). (d) RFS curve according to ZIP7 expression status 
of 1656 LN-positive breast cancer pateints (p=5.3e-05). (e ) OS curve according to ZIP7 expression 
status of 452 LN-positive breast cancer pateints (p=0.002). (f) DMFS curve according to ZIP7 
expression status of 889 LN-positive breast cancer pateints (p=0.029). (g) RFS curve according to ZIP7 
expression status of 882 HER2-positive breast patients (p=4.40e-06). (h) OS curve according to ZIP7 
expression status of 420 HER2-positive breast patients (p=0.0025). (i) DMFS curve according to ZIP7 
expression status of 451 HER2-positive breast patients (p=0.024). Kaplan-Meier survival plots show 
that higher expression SLC39A7 leads to worse survival. The p-values were calculated using the log-
rank test. Vertical hash marks indicate censored data. Abbreviations: OS; overall survival, RFS; relapse-
free survival; DMFS, distant metastasis-free survival; LN, lymph node; HER2, Human epidermal 
growth factor receptor 2. 
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3.3.10 The	expression	of	ZIP7	gene	in	ER+	breast	cancer	patients	receiving	

Tamoxifen	treatment:	

 
Breast cancer is the second most diagnosed cancer worldwide and the most common among 

women228. The most common type of breast cancer is oestrogen receptor-positive breast 

cancer (ER+), targeted with endocrine therapy, including tamoxifen229. Unfortunately, some 

patients treated with endocrine agents develop a resistance resulting in disease relapse and 

cancer recurrence during treatment229,230. So, it is essential to discover a new target to control 

the aggressive type of breast cancer. Tamoxifen resistance breast cancer model (TamR) has a 

higher zinc level69 and ZIP7 gene expression57 compared to MCF-7. ZIP7 activates 

downstream tyrosine kinases pathways such as EGFR and IGF-1R, which drive tamoxifen 

resistance breast cancer growth69. Kaplan-Meier survival curves were plotted to assess the 

association of ZIP7 gene expression with the survival of tamoxifen-treated ER+ patients. 

 

High ZIP7 expression in breast cancer patients with oestrogen receptor positive displayed 

worse RFS (n=3768, HR=1.38, 95% CI 1.21-1.57, P-value =8.8e-07), OS (n=1309, HR=1.32, 

95% CI 1.05-1.67, P-value =0.018), and DMFS (n=2016, HR=1.32, 95% CI 1.08-1.62, P-

value =0.0063) than low ZIP7 expression. Figure 3.17 a,b,c and Table 3.5 present the 

prognostic effect of the expression of ZIP7 in relation to oestrogen receptor positive breast 

cancer.  

 

Tamoxifen is the most common drug used in hormonal therapy229. Kaplan Meier analysis 

revealed ZIP7 expression was significantly associated with worse RFS (n=725, HR=1.66, 95% 

CI 1.2-2.31, P-value =0.0022), OS (n=108, HR=1.79, 95% CI 0.83-3.84, P-value =0.13), and 

DMFS (n=547, HR=1.82, 95% CI 1.18-2.81, P-value =0.0061) in tamoxifen-treated ER+ 

patients than low ZIP7 expression (Figure 3.17 d.e.f). These results show that ZIP7 expression 

is significantly associated with poor survival in tamoxifen-treated ER+ patients, suggesting 

that ZIP7 is a potential prognostic biomarker in tamoxifen-treated patients. 

 

In summary, high ZIP7 expression is associated with an increased risk of cancer mortality, 

especially in ER+ breast cancer patients with tamoxifen resistance. So, the results of this study 
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further indicate the importance of ZIP7 expression level in the prognosis of breast cancer, and 

ZIP7 represents a potential therapeutic target to circumvent endocrine resistance. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.17 Kaplan-Meier survival plots show that higher expression of SLC39A7 leads to 

worse survival in tamoxifen treated ER+ breast cancer patients 

Kaplan–Meier survival curves of breast cancer patients based on ZIP7 expression status (black lines 
indicate patients with low ZIP7 expression; red lines indicate patients with high ZIP7 expression). (a) 
RFS curve according to ZIP7 expression status of 3768 ER-positive breast cancer pateints (p=8.80e-
07). (b) OS curve according to ZIP7 expression status of 1309 ER-positive breast cancer pateints 
(p=0.018). (c) DMFS curve according to ZIP7 expression status of 2016 ER-positive breast cancer 
pateints (p=0.0063). (d) RFS curve according to ZIP7 expression status of 725 tamoxifen-treated ER+ 
patients (p=0.0022). (e) OS curve according to ZIP7 expression status of 108 tamoxifen-treated ER+ 
patients (p=0.13). (f) DMFS curve according to ZIP7 expression status of 547 tamoxifen-treated ER+ 
patients (p=0.0061). The p-values were calculated using the log-rank test. Vertical hash marks indicate 
censored data. Abbreviations: OS; overall survival, RFS; relapse-free survival, DMFS; distant 
metastasis-free survival, LN; lymph node. HER2; Human epidermal growth factor receptor 2. 
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3.4 Chapter Summary 
 
The computer analysis of the LIV-1 subfamily showed that all members contain eight 

transmembrane domains with an extended N-terminus containing the CPALLY motif except 

for ZIP7 and ZIP13. Also, a metalloprotease motif (HEXPHEXPHGD) is in TM5, and 

uniformly presented in the LIV-1 subfamily. ZIP7 is known to be phosphorylated by CK2 on 

the two adjutant serine residues S275 and S276169. Exploring other phosphorylation sites of 

ZIP7 showed that S293 and T294 are interesting, predicted phosphorylation sites, which will 

be further investigated experimentally in the next chapter. Furthermore, ZIP7 is predicted to 

have three nuclear localization signals suggesting that these signals have a role in ZIP7 nuclear 

localization. ZIP7 show a clear nuclear ring around the nucleus under the microscope which 

suggest nuclear localization of ZIP7. This hypothesis will be further investigated 

experimentally in this thesis. 

 

Breast cancer is the most common cause of cancer-related death among all human cancers228. 

This chapter aimed to characterize ZIP7 gene expression and survival outcome in different 

subtype of breast cancer tissue samples. Bioinformatic analysis of ZIP7 with different clinical 

parameters and survival data was performed to investigate the ZIP7 expression in breast cancer 

patients using several online tools. Genome-wide profiling offers insights into tumorigenesis 

and proves to be an efficient way to identify pathogenic genes thoroughly231. For the first time, 

a large cohort of human breast cancer samples was investigated to understand the role of ZIP7 

in breast cancer. The current study investigated the mRNA expression pattern and survival 

outcome through large databases, including GEPIA, UALCAN, bc-GenExMiner, Human 

Protein Atlas (HPA), and Kaplan–Meier Plotter. ZIP7 expression was explored as a prognostic 

biomarker for breast cancer and correlated with various clinical factors of breast cancer 

samples such as cancer stage, tumour grade, subtype, and nodal metastases status. ZIP7 

expression was significantly higher in breast tumour samples than the normal breast by 

GEPIA, UALCAN, and bc-GenExMiner, which suggests that ZIP7 may play an essential role 

in the progression of breast cancer. Also, ZIP7 expression is associated with tumour stages, 

and aggressive types of breast cancer, suggesting ZIP7 is associated with breast cancer 

tumorigenesis and progression and can be a promising biomarker for breast cancer. ZIP7 
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overexpression was associated with poor survival in breast cancer patients, suggesting that 

ZIP7 may have a “driver” function in breast cancer progression. 

 

In conclusion, in this chapter, we determined that ZIP7 may be a critical gene in the 

development and prognosis of breast cancer through bioinformatic analysis. The data 

represented here is mainly focused on the mRNA expression level of ZIP7 which showed the 

possible role of ZIP7 in aggressive breast cancer. It would be valuable to analyse the protein 

expression level to see if it will mirror what have been represented here of ZIP7 RNA level. 

The rest of this thesis will attempt to investigate the protein level of ZIP7 and its cellular 

localization to understand its relevance in breast cancer. These data will provide a better 

understanding the molecular biology of potential drug targets in breast cancer. 
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4. Chapter 4: Investigating ZIP7 activation mechanisms and 
analysis of endoplasmic reticulum retention signals of ZIP7 

 

4.1  Introduction: 
 
Zinc is an essential trace element that has been implicated in many diseases, including breast 

cancer.  ZIP7 is involved in the development of tamoxifen resistance in breast cancer and 

contributes to the aggressive behaviour of tamoxifen resistant cells69. The bioinformatics data 

in the previous chapter showed that higher ZIP7 gene expression is associated with poor 

clinical outcomes of breast cancer. ZIP7 is known to be phosphorylated on S275 and S276 by 

CK2169. Staining with our pS275S276ZIP7 antibody, which only recognizes ZIP7 when 

activated by phosphorylation, showed considerable increases in our tamoxifen resistant breast 

cancer cell line (TAMR), suggesting that pZIP7 could be used as a biomarker in this aggressive 

type of breast cancer167. The previous study showed that this pZIP7 antibody was specific to 

ZIP7 when it was phosphorylated on S275 and S27674, which will be further explored in this 

chapter. 

 

Previous work in our group has confirmed that the phosphorylation of both S275 and S276 is 

needed to activate ZIP7169. Database searching in an earlier chapter has predicted other 

phosphorylation sites on ZIP7. These are residues S293 and T294 and they are positioned in 

the same cytoplasmic loop as S275 and S276. This chapter will examine the role of these 

residues by using two ZIP7 mutations, namely S293A and T294A, where the active site 

residue has been replaced with an alanine, which will prevent phosphorylation. The role of 

these residues in ZIP7 activation will be examined using immunofluorescence and western 

blot techniques. ZIP7, located on the ER, is the hub for zinc release into the cytoplasm, which 

directly activates AKT, MAPK, and mTOR, all known to drive cell survival and 

proliferation74. Using different online databases, it was discovered that ZIP7 is predicted to 

have four endoplasmic reticulum retention signals. Alanine mutations were generated to 

remove these sites in order to assess the function of these motifs on ZIP7 ER localisation and 

ZIP7 phosphorylation status. Immunofluorescence was performed to confirm the transfection 
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efficiency and the cellular localisation of the mutants. Colocalisation of all these mutants was 

examined with specific ER located proteins and was investigated by immunofluorescence. 

 

4.2  Methods 
 

 DNA constructs of all ZIP7 mutant constructs have been inserted into an ampicillin-resistant 

plasmid vector and were amplified by the transformation of the single-use 

JM109 E.coli component cells (Promega). The plasmids of ZIP7 mutant constructs were 

purified using the EndoFree Plasmid Maxi Kit (Qiagen). A UV spectrophotometer was used 

to determine the DNA concentration at 260 nm (OD260) (Table 4.1). Please refer to Chapter 

2 for the methods of transfection (Section 2.1.2) and zinc treatment (Section 2.1.3), site-

directed mutagenesis (2.2), plasmid preparation (Section 2.3), immunofluorescence (Section 

2.4), and western blotting (Section 2.5). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4.1 Plasmid DNA concentration 
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4.3  Results: 

4.3.1 Using	pZIP7	antibody	to	examine	the	timeline	of	ZIP7	activation	after	
zinc	treatment	

  
The pZIP7 antibody has been developed in our group, and has been confirmed to only binds 

to ZIP7 when phosphorylated on residues S275 and S276, resulting in zinc release from the 

ER store to the cytosol169. The epitope of pZIP7 consists of 12 amino acids with two 

phosphorylated sites TKEKQ pS pS EEEEK (position 270-281) (Figure 4.1).  To investigate 

the timeline of ZIP7 activation, western blot was performed on MCF-7 cells transfected with 

WT-ZIP7 and treated with zinc at different time points. A previous study observed that pZIP7 

level increased from 2 minutes after zinc treatment in cells transfected with WT-ZIP774. The 

western blot showed a gradual increase of pZIP7 level after zinc treatment for only 2 minutes 

and with a significant increase after a 10 minutes of zinc treatment (Figure 4.2), which further 

confirmed the previous observation that zinc treatment of ZIP7 transfected cells increases 

ZIP7 mediated zinc release within 5 minutes as judged by AKT activation169. According to 

these results, 10 minutes of zinc treatment was used in the following sections to investigate 

the downstream effect of different ZIP7 mutant constructs as that represented the significant 

response. 

 

 

 

 

 

 

 

 

 

Figure 4.1: Binding site of pZIP7 antibody 

pZIP7 is a monoclonal antibody consisting of 12 amino acids with two phosphorylated serine residues 
TKEKQ pS pS EEEEK (position 270-281). His, Histidine Rich Repeat; SLC39A7, Solute carrier 
family 39 member 7 
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4.3.2 Verification	of	wild	type	ZIP7	and	mutant	constructs	
 

To investigate the role of ZIP7 in cancer, recombinant constructs of wild-type ZIP7 and mutant 

ZIP7 have been made, as shown in the methods chapter. The recombinant constructs of WT-

ZIP7 and ZIP7 mutants were tested for their transfection efficiency and to verify that the 

mutants were located in the same cellular location as WT ZIP7. Immunofluorescence was 

performed by using a V5 tag antibody in MCF-7 cells transfected with WT-ZIP7 and mutant 

constructs. The V5 antibody binds to the carboxyl terminal V5 tag of plasmid 

constructs. Figure 4.3 shows that MCF7 cells transfected with WT ZIP7 and ZIP7 mutants 

express the recombinant protein well (green) and clearly showed the ER localization pattern 

of ZIP7, which was consistent with the previous study that showed ZIP7 colocalization with 

the ER marker (Calreticulin) in CHO cells58. The proportion of positive cells for the V5 tag in 

four random visual fields was calculated to measure the transfection rate. The transfection 

rates are 53% in cells overexpressing WT ZIP7, 46% in cells overexpressing ZIP7 AA, and 

58% in cells overexpressing ZIP7 DD (Figure 4.3), therefore confirming they are equivalent. 

 

 

Figure 4.2 Gradual increase of pZIP7 level after zinc treatment. 

Immunoblotting was performed in MCF7 cells transfected with WT-ZIP7 and treated with zinc at 
different time points.  pZIP7 antibody, V5 antibody, and GAPDH were used to probe the membrane 
and protein bands of pZIP7 (48kDa), V5 (53kDa), and GAPDH (35kDa) were obtained. 
Densitometric data was normalised to V5 expression. ZIP7 phosphorylation levels are represented 
as a mean value of n = 4 ± standard error. The statistical significance was compared to time zero and 
is indicated by * (p<0.05). 
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Figure 4.3: Transfection efficiency of WT ZIP7, S275A/S276A and S275D/S276D mutants 

MCF-7 cells were transfected with wild-type and mutant ZIP7 for 18 hours. The cells were fixed and 
permeabilized before probing with rabbit V5 conjugated to Alexa Fluor 488 (green) and the nuclei 
were stained blue with DAPI. These images were captured with a Leica RPE Automatic Microscope 
using a 63x magnification lens. The transfection rates are demonstrated in a bar graph as the mean 
of four represented fields ± standard error. Scale bar, 10 μm. 



  

 76 

4.3.3 	Further	confirmation	by	immunofluorescence	that	pZIP7	antibody	only	
binds	to	phosphorylated	ZIP7.	

 

Cells transfected with either WT ZIP7 or different ZIP7 mutants  were stained with our pZIP7 

antibody to confirm the previous observation that this pZIP7 antibody only recognizes 

S275/S276 when they are phosphorylated74. The mutants included a phospho-ablative 

(inactive) mutant (ZIP7 S275A/S276A) in which both serine 275 and serine 276 were replaced 

with alanine and a phospho-mimetic (constitutively active) mutant (ZIP7 S275D/S276D) in 

which the two serine residues were replaced with aspartate. Immunofluorescence results 

confirmed the ability of the pZIP7 antibody to recognize the cells transfected with WT ZIP7 

and ZIP7 S275D/S276D mutants in basal conditions with no zinc treatment (Figure 4.4 and 

4.5). To test the ability of the pZIP7 antibody to recognise the ZIP7-mediated zinc wave after 

zinc treatment, the cells transfected with WT ZIP7, ZIP7 S275D/S276D or ZIP7 

S275A/S276A mutants were treated for 10 minutes. A significant increase in pZIP7 level was 

observed after 10 minutes of zinc treatment in cells transfected with both WT ZIP7 and ZIP7 

S275D/S276D mutants (Figure 4.4b and 4.5b). These results further confirm that the 

monoclonal antibody pZIP7 can recognize a phosphorylated ZIP774,169. For the phospho-

mimetic mutant, the pZIP7 level were expected to be high even at time zero because the 

antibody is able to bind to ZIP7 DD constructs without actual phosphorylation. However, the 

pZIP7 level in cells transfected with ZIP7 DD at time zero almost similar to cells transfected 

with WT ZIP7(Figure 4.4 and 4.5). In contrast, the pZIP7 antibody did not recognise any 

cells transfected with ZIP7 S275A/S276A mutants, confirming no pZIP7 staining was 

observed in basal conditions or after 10 minutes of zinc treatment (Figure 4.6). These results 

further confirm the previous results that showed the removal of two serine residues 

(S275/S276) prevented ZIP7 phosphorylation by CK2, and the pZIP7 antibody recognizes 

ZIP7 only when residues S275 and S276 are phosphorylated. 
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Figure 4.4 pZIP7 activation increased after zinc treatment in cells overexpress WT ZIP7. 

(a)MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized 
before being probed with mouse pZIP7 antibody and rabbit V5 antibody conjugated to Alexa Fluor 594 
(red) and Alexa Fluor 488 (green) respectively, and the nuclei were stained blue with DAPI. These 
images were captured with a Leica RPE automatic microscope using a 63x magnification lens. Scale 
bar, 10 μm. 
(b)This bar graph shows the percentage of transfected cells that are positive for pZIP7 as a mean of four 
different fields of view ± standard error. ∗∗ = p<0.01 
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Figure 4.5 pZIP7 activation increased after zinc treatment in cells overexpress ZIP7 

S275D/S276D. 

(a)MCF-7 cells were transfected with ZIP7 S275D/S276D for 18 hours. The cells were fixed and 
permeabilized before being probed with mouse pZIP7 antibody and rabbit V5 antibody conjugated to 
Alexa Fluor 594 (red) and Alexa Fluor 488 (green) respectively, and the nuclei were stained blue with 
DAPI. These images were captured with a Leica RPE automatic microscope using a 63x magnification 
lens. Scale bar, 10 μm. 
(b)This bar graph shows the percentage of transfected cells that are positive for pZIP7 as a mean of four 
different fields of view ± standard error. * p < 0.05  



  

 79 

 

 

 

 

 

 

 

 

 

 

 

4.3.4 Confirmation	of	downstream	effects	of	ZIP7	mediated	zinc	release:	
 

ZIP7 phosphorylation by protein kinase CK2 leads to zinc release from intracellular stores, 

resulting in the activation of tyrosine kinases by inhibition of tyrosine phosphatases169, which 

play an essential role in cancer growth and metastasis. To further confirm the previous 

observation that zinc treatment of ZIP7 transfected cells increases ZIP7 mediated zinc release, 

which in turn activates AKT169, MCF7 cells were transfected with WT ZIP7, phospho-null 

ZIP7 (ZIP7 S275A/S276A), and phospho-mimetic ZIP7 (ZIP7 S275D/S276D) then treated 

with zinc for different time points to measure the level of activated pS473AKT. AKT is a 

Figure 4.6 Characterization of ZIP7 S275A/S276A after zinc treatment. 

MCF-7 cells were transfected with ZIP7 S275D/S276D for 18 hours. The cells were fixed and 
permeabilized before being probed with mouse pZIP7 antibody and rabbit V5 antibody conjugated to 
Alexa Fluor 594 (red) and Alexa Fluor 488 (green) respectively, and the nuclei were stained blue with 
DAPI. These images were captured with a Leica RPE automatic microscope using a 63x magnification 
lens. Scale bar, 10 μm. 
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serine/threonine protein kinase involved in several cellular pathways of proliferation, growth, 

and invasion232. 

 

As expected, the cells that had not been transfected with ZIP7 showed no pS473AKT until 15 

minutes after zinc treatment (Figure 4.7A). In contrast, cells transfected with WT ZIP7 

showed increased pS473AKT, which was detected as soon as 2 minutes and significantly 

increased at 15 minutes after zinc treatments (Figure 4.7B). ZIP7 activation results in zinc 

release from the ER store, which inhibits protein tyrosine phosphatases and promotes 

activation of AKT69. pS473AKT level in the cells transfected with the phospho-ablative mutant 

ZIP7 S275A/S276A does not respond in the same way as in the cells transfected with WT-

ZIP7 did and only shows an increase after 20 minutes of zinc treatment when compared to 

time zero (Figure 4.7C), similarly to the un-transfected cells, confirming that this mutant does 

not activate ZIP7 mediated zinc release. This confirms that ZIP7 needs to be phosphorylated 

on S275 and S276 before it can release zinc. Cells transfected with the phospho-mimetic 

mutant ZIP7 (S275D S276D) showed a substantial increase in pS473AKT at 5 minutes after 

zinc treatment and a significant increase after 20 minutes of zinc treatment (Figure 4.7D), 

consistent with a fully active ZIP7 as expected. These results further confirm that AKT 

phosphorylation at residue S473 appears to be an immediate response to ZIP7-mediated zinc 

release from the cellular store.   
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4.3.5 Effect	of	ZIP7	S293A	and	T294A	mutants	on	ZIP7	activation:		
 

The computer analysis in chapter 3 shows that ZIP7 is predicted to be phosphorylated on S293 

and T294 in addition to S275 and S276. To investigate the effect of these sites on ZIP7 

activation, these residues were individually removed by replacing them with alanine to prevent 

Figure 4.7 Downstream effect of ZIP7 mediated zinc release 

Immunoblotting was performed in MCF7 cells transfected with WT-ZIP7 and ZIP7 mutant constructs 
and treated with zinc at different time points.  pS473AKT antibody, and GAPDH were used to probe the 
membrane. Protein bands of pS473AKT (60 kDa), and GAPDH (35 kDa) are demonstrated. 
Densitometric data are normalised to GAPDH and demonstrated in relative density unit as mean values 
of n = 3 ± standard error. The statistical significance compared to the samples without zinc treatment, 
is indicated by * (p<0.05) 
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phosphorylation. To verify the transfection efficiency and cellular localization of the mutants, 

immunofluorescence was performed by staining cells with a V5 tag antibody in MCF-7 cells 

transfected with WT-ZIP7 and mutant constructs. Figure 4.8a shows that MCF7 cells 

transfected with WT-ZIP7, S293A ZIP7, and T294A ZIP7 mutant constructs all express the 

recombinant protein well (green).  The cells transfected with ZIP7 S293A and ZIP7 T294A 

show a 48% and 46% transfection rate, respectively, while cells transfected with WT-ZIP7 

show a 51% transfection rate (Figure 4.8b). The transfection rate was calculated by counting 

the proportion of positive cells for the V5 tag in six random visual fields. There was no 

statistical difference between the transfection rate of WT ZIP7 and S293A and T294A mutant 

constructs (Figure 4.8b). 

 

To investigate whether the S293A and T294A mutations altered the ZIP7 activation and the 

ability of the pZIP7 antibody to bind to ZIP7, immunofluorescence was performed in cells 

transfected with ZIP7 S293A and T294A with or without 10 minutes of zinc treatment. A V5 

antibody was used to stain the transfected cells. For the cells transfected with WT ZIP7, the 

percentage of pZIP7 increased significantly from 20% to 92% after 10 minutes of zinc 

treatment (Figure 4.9). For ZIP7 S293A, the percentage of the positively transfected cells for 

pZIP7 increased from 43% before zinc treatment to 74% after zinc treatment (Figure 4.10). In 

cells transfected with ZIP7 T294A, the pZIP7 level was 45% before zinc treatment and 

increased to 78% after 10 minutes of zinc treatment (Figure 4.11). ZIP7 S293A and T294A 

have high pZIP7 level without zinc treatment suggesting that those mutants could have an 

inhibitory role on ZIP7. Also, these data suggested that the pZIP7 antibody could recognize 

ZIP7 S294A and T293A mutants, and these mutations may not interfere with the zinc -induced 

CK2-mediated phosphorylation on residues S275 and S276 of ZIP7. 
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Figure 4.8: Transfection efficiency of WT ZIP7, S293A, and T294A constructs. 

(a)MCF-7 cells were transfected with WT ZIP7 and mutant ZIP7 for 18 hours. The cells were fixed 
and permeabilized before probing with rabbit V5 antibody conjugated to Alexa Fluor 488 (green) 
and the nuclei were stained blue with DAPI. These images were captured with a Leica RPE 
automatic microscope using a 63x magnification lens. Scale bar, 10 μm (b)The transfection 
rate demonstrated in a bar graph as mean of six represented fields ± standard error.  
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To confirm the immunofluorescence results, western blot was performed in the cells 

transfected with WT-ZIP7, ZIP7 S293A mutant or ZIP7 T294A mutant. The cells transfected 

with WT ZIP7 showed a significant increase in pZIP7 level after 10 minutes of zinc 

treatment (Figure 4.12a), leading to zinc release into the cytoplasm and tyrosine kinase 

activation. Also, the cells transfected with ZIP7 T294A mutant demonstrates a significant 

increase of pZIP7 after zinc treatment (Figure 4.12c), which suggests this construct's ability to 

be activated by zinc addition. On the contrary, cells transfected with the ZIP7 S293A mutant 

showed an increase of pZIP7 after 10 minutes of zinc treatment, but no significant difference 

compared to the time zero (Figure 4.12b), which suggests that S293A is required for ZIP7 

maximal activation. The results were represented as a percentage of the untreated control state 

to understand how ZIP7 S293A and T294A mutant response differently to zinc stimulation. 

This showed that the WT ZIP7 and T294A were statistically increased after 10 minutes of zinc 

treatment while the S293A mutant showed an increase in the level of pZIP7 after zinc 

treatment but not statistically significant compared to the time zero (Figure 4.12D), 

suggesting that residue S293 may play a role in ZIP7 activation. 
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Figure 4.9 pZIP7 antibody ability to detect ZIP7 activation in cells transfected with 

WT ZIP7. 

(a)MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and 
permeabilized before probing with mouse pZIP7 antibody and rabbit V5 antibody conjugated to 
Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) respectively, and the nuclei were stained 
blue with DAPI. These images were captured with a Leica RPE automatic microscope using a 
63x magnification lens. Scale bar, 10 μm. (b) The transfection rate demonstrated in a bar graph 
as mean of three represented fields ± standard error. 
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Figure 4.10 pZIP7 antibody ability to detect ZIP7 activation in cells transfected with ZIP7 

S293A constructs 

(a)MCF-7 cells were transfected with ZIP7 S293A for 18 hours. The cells were fixed and 
permeabilized before probing with mouse pZIP7 antibody and rabbit V5 antibody conjugated to Alexa 
Fluor 594 (Red) and Alexa Fluor 488 (Green) respectively, and the nuclei were stained blue with DAPI. 
These images were captured with a Leica RPE automatic microscope using a 63x magnification lens 
and the images were proceeded with one round of deconvolution. Scale bar, 10 μm. (b) The transfection 
rate demonstrated in a bar graph as mean of three represented fields ± standard error. 
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Figure 4.11 pZIP7 antibody ability to detect ZIP7 activation in cells transfected with ZIP7 

T294A constructs 

(a)MCF-7 cells were transfected with ZIP7 T294A for 18 hours. The cells were fixed and permeabilized 
before probing with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (Red) and 
Alexa Fluor 488 (Green) respectively, and the nuclei were stained blue with DAPI. These images were 
captured with a Leica RPE automatic microscope using a 63x magnification lens and the images were 
proceeded with one round of deconvolution. Scale bar, 10 μm. (b) The transfection rate demonstrated in 
a bar graph as mean of three represented fields ± standard error. 
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Figure 4.12 Activation of the ZIP7 S293A and T294A mutants by zinc 

MCF7 cells transfected with (A)wild type ZIP7, (B)S293A ZIP7, and (C)T294A ZIP7 and then treated with 
zinc for 0 or 10 minutes. pZIP7 antibody, and GAPDH were used to probe the membrane.  Protein bands 
of pZIP7 (48kDa) and GAPDH (35kDa) are demonstrated. Densitometric data normalised to GAPDH 
expression and demonstrated in relative density units as mean values of n = 4 ± standard error. The statistical 
significance was compared to the samples with no zinc treatment. (D) Graph represents the results 
expressed as percentage of the untreated WT ZIP7 constructs. 
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4.3.6 Investigating	the	endoplasmic	reticulum	signals	of	ZIP7:		
 
ZIP7 is located in the endoplasmic reticulum and is essential for zinc release from this 

intracellular stores58. This ZIP7-mediated zinc release requires phosphorylation by protein 

kinase CK2 on two serine residues (S275 and S276) on the long intracellular loop of ZIP7 

between TM3 and TM4169. The previous chapter showed that ZIP7 is predicted to have four 

ER retention signals, which could have a role in ER localization of ZIP7. In this chapter, the 

endoplasmic reticulum signals were investigated further by immunofluorescence. 

 

4.3.6.1 Exploring	mutagenesis	of	the	potential	ER	retention	signals	of	ZIP7:		

 
To study the critical residues that are essential for the endoplasmic reticulum retention of ZIP7, 

specific alanine mutations were made by site-directed mutagenesis. Four separate sites were 

located in ZIP7 as having potential ER retention motifs (Figure 4.13) and these were then 

mutated out to allow investigation. The ER1A mutant (163PRHR166 to 163AAAA166) has a 

mutation in the four basic amino acids whereas the ER1B mutant (163PRHR166 to 163PAAA166) 

has the first proline intact and a mutation in the three basic amino acids. In the other mutants, 

ER2, ER3 and ER4, the 3 basic amino acids were all substituted with alanine. The predicted 

ER retention signals of ZIP7 located in the cytoplasmic domains of ZIP7. ER1 is located 

between TM1 and TM2. ER2 and ER3 are located between TM3 and TM4. ER4 is located 

between TM5 and TM6 (Figure 4.13). 
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4.3.6.2 Transfection	efficiency	and	cellular	localization	of	ZIP7	ER	mutants:	
 
To investigate the transfection efficiency of the ZIP7 endoplasmic reticulum retention signals 

mutants and the localization patterns, they were assessed by immunofluorescence using a V5 

antibody. The immunofluorescence images of all five total mutants are shown in Figures 4.14 

and 4.15. The V5 antibody targets the C-terminal V5 tag of the plasmid constructs. By 

counting the cells that were positive for the V5 tag, the transfection rate was assessed. This 

transfection rate varied from 31% in cells overexpressing WT ZIP7 to 25% in cells transfected 

with ER1A mutant constructs (Figure 4.14b). The enlarged images show a clear ER 

localization pattern of the recombinant mutant proteins, exactly the same as for the cells 

transfected with WT ZIP7 (Figure 4.14a). Those results suggest that ZIP7 ER1A mutants and 

ER1B mutants do not disrupt ZIP7 endoplasmic reticulum retention. 

 

Immunofluorescence was also performed on the cells transfected with the other ZIP7 ER 

mutants to investigate whether the mutation altered the transfection efficiency and whether 

the ZIP7 ER2, ER3, and ER4 mutants would have a different location. The transfection rates 

Figure 4.13 Schematic diagram that shows the location of ER mutant sites in the ZIP7 

ZIP7 is predicted have four ER retention signals. Alanine mutations were generated (as 
indicated) to study the effect on ZIP7 endoplasmic reticulum localization. 
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were between 39% to 34% for these ZIP7 mutants (Figure 4.15b). The cells transfected with 

ER2, ER3, and ER4 showed the same localization pattern as those transfected with WT ZIP7 

(Figure 4.15a). Both have endoplasmic reticulum staining as well as perinuclear ring staining. 

The transfection rate was calculated by counting the proportion of positive cells for the V5 tag 

in six random visual fields. No statistically significant difference was observed between WT 

ZIP7 and any of the ZIP7 ER mutant constructs. These results suggest that those stretches of 

basic amino acids might not be critical for ZIP7 endoplasmic reticulum retention and ZIP7 

may have a different mechanism for its ER localization which are still not clearly understood. 
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Figure 4.14: Transfection efficiency and localization of ER ZIP7 mutants. 

(a)MCF-7 cells were transfected with wild-type, ER1A, and ER1B mutants of ZIP7 for 18 hours. The 
cells were fixed and permeabilized before probing with V5 antibody conjugated to Alexa Fluor 488 
(green) and the nuclei were stained blue with DAPI. These images were captured with a Leica RPE 
automatic microscope using a 63x magnification lens. Scale bar, 10 μm. (b)The transfection rate is 
demonstrated in a bar graph as mean of nine represented fields of view ± standard error. 
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Figure 4.15: Transfection efficiency and localization pattern of different ZIP7 ER 

mutants’ constructs. 

(a)MCF-7 cells were transfected with WTZIP7, ER2, ER3, or ER4 mutants of ZIP7 for 18 hours. 
The cells were fixed and permeabilized before probing with V5 antibody conjugated to Alexa 
Fluor 594 (red) and the nuclei were stained blue with DAPI. These images were captured with a 
Leica RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm (b)The 
transfection rate is demonstrated in a bar graph as mean of six represented fields of view ± standard 
error. 
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4.3.6.3 Colocalization	of	ZIP7	ER	mutants	with	Protein	Di-sulfide	Isomerase:	

 
Protein Disulfide Isomerase (PDI) is a protein located in the ER and have a role in formation 

of disulfide bonds between cysteine residues within proteins as they fold233–235. To further 

characterise the cellular location of the ZIP7 ER retention signals mutant, cells were 

transfected with the different ZIP7 mutants, and they were stained for Protein Disulfide 

Isomerase (PDI). The V5 tag was used to visualize the ZIP7 ER mutants. PDI showed red 

staining in the endoplasmic reticulum with no perinuclear ring (Figure 4.16). The merged 

figure showed a yellow colour around the nucleus as well as in the endoplasmic reticulum due 

to the higher background of the PDI. Immunofluorescence was repeated with the other mutants 

to investigate the colocalization of ER2, ER3, and ER4 ZIP7 mutants with PDI. Although the 

PDI produced quite a lot of background staining it was clear that is only showed traditional 

endoplasmic reticulum staining without any perinuclear staining at all as was always seen with 

ZIP7. The PDI staining pattern was compared to V5, which showed a clear perinuclear ring 

as well as the traditional endoplasmic reticulum staining (Figure 4.17).  These results suggest 

that the mutated sequences do not alter the ability of ZIP7 to be retained in the endoplasmic 

reticulum. 

. 

 

 

 

 

 

 

 

 

 

Figure 4.16: Co-localization of ER retention signals mutants with PDI. 

MCF-7 cells were transfected with ZIP7 ER1A and ER1B mutants of ZIP7 for 18 hours. The cells were 
fixed and permeabilized before being probed with mouse V5 conjugated to Alexa Fluor 488 (green) and 
rabbit PDI antibody conjugated to rabbit Alexa Fluor 594 (red), and nuclei were stained blue with DAPI. 
This image was captured with a Leica RPE Automatic Microscope using a 63x magnification lens. Scale 
bar, 10 μm 
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4.6.3.4 Effect	of	the	removal	of	endoplasmic	retention	signals	on	ZIP7	activation:		

 
To investigate whether ZIP7 ER retention signal mutants adversely affected ZIP7 

phosphorylation after 10 minutes of zinc treatment, immunofluorescence was performed using 

our purified pZIP7 antibody, which has previously been verified in Chapter 3 as capable of 

recognising activated ZIP7. The V5 antibody was used to identify the cells that were 

transfected with the different ZIP7 constructs. By counting the number of cells that were 

positive for pZIP7, the proportion of cells that were positive for ZIP7 activation was 

calculated.  

Figure 4.17: Co-localization of ER retention signals mutants of ZIP7 with PDI. 

MCF-7 cells were transfected with ZIP7 ER2, ER3, and ER4 mutants for 18 hours. The cells were fixed 
and permeabilized before being probed with mouse V5 and rabbit PDI antibodies before being conjugated 
to Alexa Flour 594 (red) and Alexa Fluor 488 (green) respectively, and the nuclei were stained blue with 
DAPI. This image was captured with a Leica RPE Automatic Microscope using a 63x magnification lens. 
Scale bar, 10 μm 
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The cells overexpressing WT ZIP7 showed 42% of cells positive for pZIP7 before zinc 

treatment and this significantly increased to 85% after stimulation with zinc for 10 

minutes (Figure 4.18). Probing for V5 and pZIP7 both showed an ER staining as well as a 

ring around the nucleus. For the ER mutants, 21% of cells overexpressing the ER1A mutants 

and 24% of cells overexpressing ER1B mutants were positive for pZIP7 before zinc treatment 

(Figure 4.19 and 4.20). After 10 minutes of zinc treatment, the percentage of pZIP7 

significantly increased to 70% in ER1A and 88% in ER1B ZIP7 mutants (Figure 4.19 and 

4.20). Both mutants were transfected comparably to WT ZIP7. Probing for V5 and pZIP7 gave 

an ER staining just as observed for WT ZIP7, which suggests that these mutations did not alter 

ZIP7 ER localization and did not alter ZIP7 activation on residues S275 and S276. The 

percentage of cells positive for pZIP7 before zinc treatment were 43%, 31% in cells 

overexpressing ER2 and ER4, respectively. This percentage significantly increased after 10 

minutes of zinc treatment to 70% and 69% in cells overexpressing ER2 and ER4, 

respectively (Figure 4.21 and 4.23), which suggest the ability of these constructs to be 

activated by zinc addition. They all have the same ER staining as WT ZIP7, confirming that 

these mutants do not affect ZIP7 ability to be retained in the ER. These data suggested that the 

pZIP7 antibody could recognize ZIP7 ER1A, ER1B, ER2, and ER4, and these mutations do 

not interfere with the zinc-induced CK2-mediated phosphorylation on residues S275 and S276 

of ZIP7. 

 

Interestingly, the cells overexpressing ER3 do not show any cells positive for pZIP7 either 

before or after zinc treatment (Figure 4.22). The construct of ER3 had an alanine mutation on 

residues 270 to 273, and those residues were extremely close to residues S275 and S276, which 

are the binding sites of the pZIP7 antibody. This data suggests that the ER3 mutation interferes 

with pZIP7 antibody binding on residues S275 and S276, implying that these residues are 

important for ZIP7 function. 
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Figure 4.18 pZIP7 antibody detect ZIP7 activation in cells transfected with WT ZIP7. 

(a)MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were untreated or treated with zinc 
for 10 minutes before being fixed and permeabilized. The coverslips were probed with mouse pZIP7 
antibody and rabbit V5 conjugated to Alexa Fluor 594 (red) and Alexa Fluor 488 (green) respectively and 
the nuclei were stained blue with DAPI. Images were captured with a Leica RPE automatic microscope 
using a 63x magnification lens. Scale bar, 10 μm. (b)The bar graph shows the percentage of transfected 
cells that are positive for pZIP7 as a mean of five different fields of view ± standard error. ∗∗∗ = p<0.001 
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Figure 4.19 pZIP7 antibody detect ZIP7 activation in cells transfected with ZIP7 ER1A. 

(a)MCF-7 cells were transfected with ZIP7 ER1A mutant for 18 hours. The cells were untreated or 
treated with zinc for 10 minutes before being fixed and permeabilized. The coverslips were probed 
with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (red) and Alexa Fluor 488 
(green) respectively and the nuclei were stained blue with DAPI. Images were captured with a Leica 
RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm. (b)The bar graph shows 
the percentage of transfected cells that are positive for pZIP7 as a mean of five different fields ± 
standard error. ∗∗ = p<0.01 
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Figure 4.20 pZIP7 antibody detect ZIP7 activation in cells transfected with ZIP7 ER1B. 

(a)MCF-7 cells were transfected with ZIP7 ER1B mutant for 18 hours. The cells were untreated or 
treated with zinc for 10 minutes before being fixed and permeabilized. The coverslips were probed 
with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (red) and Alexa Fluor 488 
gGreen) respectively and the nuclei were stained blue with DAPI. Images were captured with a Leica 
RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm. (b)The bar graph shows 
the percentage of transfected cells that are positive for pZIP7 as a mean of five different fields ± 
standard error. ∗∗∗∗ = p<0.0001 
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Figure 4.21 pZIP7 antibody detect ZIP7 activation in cells transfected with ZIP7 ER2. 

(a)MCF-7 cells were transfected with ZIP7 ER2 mutant for 18 hours. The cells were untreated or 
treated with zinc for 10 minutes before being fixed and permeabilized. The coverslips were probed 
with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 
(Green) respectively and the nuclei were stained blue with DAPI. Images were captured with a Leica 
RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm. (b)The bar graph shows 
the percentage of transfected cells that are positive for pZIP7 as a mean of four different fields ± 
standard error. ∗∗∗∗ = p<0.0001 
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Figure 4.22 pZIP7 antibody detect ZIP7 activation in cells transfected with ZIP7 ER3. 

(a)MCF-7 cells were transfected with ZIP7 ER3 mutant for 18 hours. The cells were untreated or 
treated with zinc for 10 minutes before being fixed and permeabilized. The coverslips were probed 
with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (red) and Alexa Fluor 488 
(green) respectively and the nuclei were stained blue with DAPI. Images were captured with a Leica 
RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm. 
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Figure 4.23 pZIP7 antibody detect ZIP7 activation in cells transfected with ZIP7 ER4. 

(a)MCF-7 cells were transfected with ZIP7 ER4 mutant for 18 hours. The cells were untreated or 
treated with zinc for 10 minutes before being fixed and permeabilized. The coverslips were probed 
with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 
(Green) respectively and the nuclei were stained blue with DAPI. Images were captured with a Leica 
RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm. (b)The bar graph shows 
the percentage of transfected cells that are positive for pZIP7 as a mean of five different fields ± 
standard error. ∗∗ = p<0.01 
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4.7  Chapter summary: 
 
This chapter has provided further confirmation that our pZIP7 antibody is bound explicitly to 

ZIP7 when it is phosphorylated on residues S275 and S27674 (Figure 4.1). Using an 

immunofluorescence technique confirmed the specificity of the pZIP7 antibody for activated 

ZIP7, which was verified further by its ability to recognize ZIP7 when residues S275 and S276 

were mutated to aspartate (DD), which structurally mimics phosphoserine (Figure 4.5). In 

contrast, the mutation of these residues to alanine prevents the binding of the pZIP7 antibody 

even after 10 minutes of zinc treatment (Figure 4.6). The present of alanine (AA) instead of 

serine prevent the phosphorylation of ZIP7 by the CK2 because the alanine is a hydrophobic 

amino acid with a methyl in its side chain, while the serine is a hydrophilic amino acid with a 

hydroxyl group on its side chain. Immunofluorescence technique showed also a significant 

increase of pZIP7 antibody after 10 minutes of zinc treatment in cells transfected with WT 

ZIP7 and ZIP7 S275D/S276D (Figure 4.4 and 4.5), confirming the previous results74. These 

results further confirm the ability of pZIP7 antibody to bind to the phosphorylated form of 

WT ZIP7 or the phospho-mimetic ZIP7 S275D/S276D) mutants but not recognize phospho-

ablative mutant (ZIP7 S275A/S276A). 

 

Phospho-mimetic ZIP7 DD should be constitutively active due to its molecular structure. The 

aspartic acid in ZIP7DD mutants is similar to the structure of serine in WT ZIP7 when the 

channel is phosphorylated. So ZIP7 DD would be expected to have a higher zinc level at time 

0 and the pZIP7 antibody able to detect this mutant. The immunofluorescence results showed 

a similar pattern of pZIP7 activation as WT ZIP7. The significant increase of AKT in cells 

transfected with phospho-mimetic ZIP7 DD was at 20 minutes of zinc treatment compared to 

time zero. These results suggest that ZIP7 DD mutants able to induce ZIP7 mediated zinc 

release, but it is delayed because the zinc in ER store is depleted. A possible explanation of 

these results that during the 18 hours of the transfection before exogenous zinc treatment, ZIP7 

DD mutant construct have been releasing the zinc from stores leading to store depletion. The 

cells might muffled this excess zinc by metallothionina28,67 or transport it outside the cells 

through ZnT1236. Therefore, after exogenous zinc treatment, the cells might have to wait until 

the store will be refilled with zinc which will be able of ZIP7 to release zinc from store to 
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cytoplasm. To further investigate ZIP7 DD mutants, measuring the intracellular zinc levels 

using zinc-specific dyes such as FluoZin-3, Zinquin, and Newport Green Diacetate would be 

needed to investigate the change in the intracellular zinc homeostasis69,237. Also, zinc could be 

measured specifically in the ER stores using FRET-based zinc sensors238–240, which will help 

to support the hypothesis of zinc depletion from ER store. Also, to further investigate the 

hypothesis that the delayed of zinc related downstream effects because the zinc is depleted 

from ER storage, the transfected cells with ZIP7 DD mutants could be treated with EGF plus 

calcium ionophore instead of zinc, which has been known to activate ZIP7169.  

 

ZIP7 is a gatekeeper for zinc release from the cellular store and a hub for phosphorylation of 

tyrosine kinases63. ZIP7 activity is regulated by phosphorylation at S275 and S276 by protein 

kinase CK2 resulting in zinc release from intracellular stores, which inhibit protein tyrosine 

phosphatase results in AKT activation169,241,242. Database analysis showed that ZIP7 is 

potentially also predicted to be phosphorylated on S293 and T294. Immunofluorescence and 

western blot techniques showed the ability of the pZIP7 antibody to bind to ZIP7 S293A and 

T294A mutants (Figure 4.10,11,12). ZIP7 is an ER protein responsible for releasing zinc from 

the ER store into the cytoplasm. ER-resident proteins generally require specific signals for 

their retention in the ER.  Computer analysis showed that ZIP7 is predicted to have four ER 

retention signals (Figure 4.13). Alanine mutation in all these predicted ER retention signals 

did not change the ER residency of ZIP7 (Figure 4.14 and 4.15), suggesting that these motifs 

might not be a requirement for ZIP7 to reside in the ER. Furthermore, immunofluorescence 

results showed that ZIP7 ER1A, ER1B, ER2, and ER4 did not interfere with ZIP7 

phosphorylation on S275 and S276 as the pZIP7 antibody recognized ZIP7 activation after 

zinc treatment in all mutants except ER3. ZIP7 mutant ER3 did not show any positive cells 

for pZIP7(Figure 4.18-23) but this may have been due to its close proximity to residues 275 

and 276 and not a functional effect. 
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5. Chapter 5: Discovery the nuclear localization of ZIP7: 
 
 

5.1   Introduction 
 
ZIP7 is a zinc transporter that is responsible for zinc release from the ER store. Imaging ZIP7 

in MCF7 cells has suggested that not only is ZIP7 present in the ER, but it always stains a 

strong perinuclear ring, indicating the potential for ZIP7 to be located on the inner nuclear 

membrane. The previous chapter showed that ZIP7 is predicted to have three nuclear 

localization signals, suggesting that ZIP7 may reside in the nucleus. If this were the case, the 

ZIP7 would be expected to be oriented on the inner nuclear membrane to transport zinc from 

the ER store into the nucleus and lead to cancer development. No ZIP transporter has been 

located in the nucleus yet, and there is much zinc in the nucleus required for DNA zinc fingers 

and transcription factors binding to the target gene, especially in cancer. This chapter aim to 

confirm the nuclear localization of ZIP7 and pZIP7 using inner nuclear membrane markers. 

 

5.2  Methods 
 
MCF-7 cells grown on coverslips were transfected with ZIP7 and harvested after 18 hours. 

The coverslips were stained for V5 and a variety of known nuclear markers. The primary 

antibodies were incubated with fluorescent secondary antibodies such as Alexa Fluor 488 and 

594, and the nuclei were stained blue with DAPI before imaging on the microscope. The RGB 

profiler plugin from ImageJ was used to plot co-localization according to fluorescence 

intensity. Initially, Leica RPE Automatic Microscope was used, which was complemented by 

Zeiss LSM 880 confocal microscope. Please refer to Chapter 2 for the detailed transfection 

methods (Section 2.1.2) and immunofluorescence (Section 2.4). 
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5.3  Results 

5.3.1 Imaging	the	localization	of	ZIP7	in	cells	
 
ZIP7 is a transmembrane protein known to be located in the endoplasmic reticulum (ER) and 

responsible for zinc release from ER store. Knowing that ZIP7 has three predicted nuclear 

localization signals suggests its nuclear localization, which will be further investigated in this 

chapter by immunofluorescence using breast cancer cells transfected with WT ZIP7. 

5.3.1.1 Localization	of	ZIP7	in	breast	cancer	cells	
 
To study the cellular localization of ZIP7, immunofluorescence was performed by using the 

V5 antibody and total ZIP7 antibody in MCF-7 cells transfected with a WT-ZIP7 construct. It 

has been documented that ZIP7 was located on the ER58,73, yet there was always obvious 

perinuclear staining observed as well as the ER (Figure 5.1a,b). The V5 staining and the total 

ZIP7 showed a clear ring around the nuclear and ER staining which further confirm the nuclear 

and ER ZIP7 location (Figure 5.1b). To show that ZIP7 is present in its active form around 

the nucleus, another experiment was performed to study the co-localization of V5 with 

phosphorylated ZIP7, which is the active form of ZIP7. The merged picture in Figure 

5.2 showed a bright yellow perinuclear staining as well as the ER. These results suggest that 

ZIP7 is active around the nucleus and could play a role in transport zinc into the nucleus. 

 

Protein Disulfide Isomerase (PDI) is a specific protein located only on the ER, required for 

correct disulphide bond formation. To further characterize the perinuclear localization of 

ZIP7, cells transfected with wild type ZIP7 were stained with Protein Disulfide Isomerase 

(PDI). Figure 5.3 shows that Protein Disulfide Isomerase is only located on the ER without 

any perinuclear ring staining, suggesting that ZIP7 is in the nuclear envelop (NE) and in the 

endoplasmic reticulum. Actin is a microfilament protein that plays an essential role in the 

cellular process of maintaining cell structure and shape. Alexa Flour 488® phalloidin was 

used to label F-actin with a green, fluorescent colour. Figure 5.4 showed a green actin 

filament structure on the cellular membrane around all cells. These results confirm that the 

ZIP7 transporter is located intracellularly as expected and not found on the plasma membrane 

as other ZIP transporters are. 



  

 107 

 

To investigate the presence of ZIP7 in the mitochondria, the mitochondria were stained using 

MitoTracker™ Red CMXRos. The cells were transfected with WT ZIP7 and then stained with 

MitoTracker™. The red images showed a red fluorescence dye that stains the mitochondria 

around the cells (Figure 5.5). In contrast, the green pictures showed a clear ring of ZIP7 

around the nucleus and in the ER. The merged image did not show a yellow colour, suggesting 

that ZIP7 and the mitochondria are not localised.  

 

These data together suggest that not only is ZIP7 localized in the ER but that it is also on the 

nuclear envelope (NE). This is an important finding and would indicate that it could be capable 

of transporting zinc into the nucleus and the cytoplasm, adding to its role as a hub of 

intracellular zinc release. There has been no other zinc transporter localize in the nucleus, yet 

there is much need for zinc control in the nucleus. Therefore, the next aim was to confirm this 

observation by co-localizing ZIP7 with known markers of the inner nuclear membrane such 

as Lamins (Lamin A/C and Lamin B), NUP98 Lamin B receptor, and Emerin. 
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Figure 5.1 Cellular localization of wild type ZIP7 in MCF-7 cells 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized 
before probing with (a) rabbit V5 conjugated Alexa Fluor 488 (Green), (b) rabbit total ZIP7 antibody 
and mouse V5 antibody conjugated to Alexa Fluor 488 (Green) and Alexa Fluor 594 (Red) 
respectively, and nuclei were stained blue with DAPI. These images were captured with a Leica RPE 
automatic microscope using a 63x magnification lens. Scale bar, 10 μm 
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Figure 5.2: Active ZIP7 (pZIP7) localize in ER and nuclear membrane 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before probing 
with mouse pZIP7 antibody and rabbit V5 conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) 
respectively, and nuclei were stained blue with DAPI. These images were captured with a Leica RPE automatic 
microscope using a 63x magnification lens. Scale bar, 10 μm 

Figure 5.3: Protein Disulfide Isomerase (PDI) localization in cells.  

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized 
before probing with rabbit PDI antibody, and nuclei were stained blue with DAPI. These images were 
captured with a Leica RPE automatic microscope using a 63x magnification lens. Scale bar, 10 μm 
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Figure 5.5: Testing overlap of ZIP7 with mitochondria. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. 100 nM MitoTracker™ Red CMXRos in medium 
without serum were added to the cells for 30 minutes at 37°C, followed by a 30-minute recovery in dye-
free medium at 37°C. The cells were fixed and permeabilized before probing with mouse V5 conjugated 
Alexa Fluor 488 (green), and the nuclei were stained blue with DAPI. These images were captured with a 
Leica RPE automatic microscope using a 63x magnification lens. A line was drawn across the cell and the 
colocalization intensity was measured along this line. The RGB profiler plugin from ImageJ was used to 
plot co-localization. Scale bar, 10 μm 

Figure 5.4 ZIP7 and actin localization in cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before 
probing with mouse V5 conjugated Alexa Fluor 594 (Red)and (1:5) 488 phalloidin (green), and nuclei were 
stained blue with DAPI. This Image was captured with a Leica RPE Automatic Microscope 
using a 63x magnification lens. Scale bar, 10 μm 
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5.3.2 Co-localization	of	ZIP7	with	inner	nuclear	proteins	markers:	
 

The previous immunofluorescences images showed a unique nuclear localization of ZIP7, 

which highlighted its role in transporting the zinc into the nucleus. Next, we attempted further 

to characterize the nuclear localization of ZIP7 by immunofluorescence using specific proteins 

located in the inner nuclear membrane (INM) such as Lamins (Lamin A/C and Lamin B), 

NUP98, Lamin B receptor, and Emerin (Figure 5.6). 

 
 
 

 

 
 
 
 
 

 
 

Figure 5.6 Topology of the nuclear envelop. 

The nuclear envelop consist of inner and outer nuclear membranes (INM, ONM) which are 
joined at the nuclear pore complex (NPC). NPCs are built of many nucleoporin proteins 
including (NUP98). The INM is anchored by transmembrane proteins to the underlying layer 
of lamina (Lamin B and Lamin A/C). 
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5.3.2.1 ZIP7	co-localize	with	Lamins	(Lamin	B	and	Lamin	A/C)	

 

Lamins are nuclear intermediate filament proteins that are located within the INM243. The 

nuclear lamins are named lamin A, B, and C244. Due to their position in the INM, they were 

chosen to investigate the nuclear localization of ZIP7. Immunofluorescence was performed in 

cells transfected with WT-ZIP7 and stained with antibodies against Lamin B and Lamin A/C. 

By using a Lecia RPE Automatic microscope, ZIP7 showed a clear ring around the nuclear as 

well as in the ER. In contrast, lamin B and lamin A/C showed a circle around the nucleus 

without any ER staining (Figure 5.5A and 5.6A). The merged images stained green and red 

show a bright yellow colour in the perinuclear region in cells transfected with WT ZIP7 and 

probed with Lamin B and Lamin A/C (Figure 5.5A and 5.6A). These results suggest that 

ZIP7 co-localizes with lamin B and lamin A/C. 

 

After obtaining impressive results on the Lecia RPE Automatic microscope, the coverslips 

were used to image them on a Zeiss LSM 880 confocal microscope with the option of higher 

resolution. The merge images stained green and red showed clear, bright yellow staining 

around the nucleus in cells transfected with WT ZIP7, suggesting that ZIP7 and Lamin B and 

Lamin A/C are localized in the same place (Figure 5.7B and 5.8B). To confirm that a line 

was drawn across the cell to measure the fluorescence intensity, which gives us a more 

confirmation of ZIP7 colocalization with lamin B and Lamin A/C as a clear peak overlay of 

lamin B Lamin A/C with V5 (Figure 5.7B and 5.8B). These results suggest the nuclear 

localization of ZIP7.  
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Figure 5.7: ZIP7 Co-localises with Lamin B in MCF-7 cells 

MCF-7 cells were transfected with WT-ZIP7 for 18 hours. The cells were fixed and permeabilized before probing with 
mouse V5 and rabbit Lamin B conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) respectively, and 
the nuclei were stained blue with DAPI. (A) These images were captured with a Leica RPE automatic microscope 
using a 63x magnification lens. (B) Image was taken on a Zeiss LSM 880 Microscope using a 63x Zeiss Oil immersion 
lens and processed using Zeiss’s ZEN software for Microsoft Operating system. A line was drawn across the cell and 
the colocalization intensity was measured along this line. The RGB profiler plugin from ImageJ was used to plot co-
localization. Scale bar, 10 μm 
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Figure 5.8: ZIP7 Co-localises with Lamin A/C in MCF-7 cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before probing with 
rabbit V5 and mouse anti-Lamin A/C conjugated to Alexa Fluor 488 (Green) and Alexa Fluor 594 (Red) respectively, 
and the nuclei were stained blue with DAPI. (A) These images were captured with a Leica RPE automatic microscope 
using a 63x magnification lens. (B) Image was taken on a Zeiss LSM 880 Microscope using a 63x Zeiss Oil immersion 
lens and processed using Zeiss’s ZEN software for Microsoft Operating system. A line was drawn across the cell and 
the colocalization intensity was measured along this line. The RGB profiler plugin from ImageJ was used to plot co-
localization. Scale bar, 10 μm 
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5.3.2.2 ZIP7	colocalizes	with	component	of	the	nuclear	pore	complex	(NPC).	

 
Having confirmed the colocalization of ZIP7 with Lamin B (Figure 5.7) and Lamin A/C 

(Figure 5.8), this investigation was extended further to examine the colocalization of ZIP7 

with nuclear pore complex. The nuclear pore complexes (NPCs) are channels that penetrate 

the nuclear envelope, which connecting the nucleus and the cytoplasm245 (Figure 5.6). These 

structures consist of multiple copies of different proteins known as nucleoporin (NUPs)245. 

NUP98   is a nucleoporin protein anchored into the inner ring of the nuclear pore complex, 

which is embedded in the nuclear envelope92.  The V5 staining (red fluorescent) has been 

shown to have solid perinuclear staining in addition to endoplasmic reticulum showing in 

(Figure 5.9A). However, NUP98 gives intermittent staining around the nucleus without any 

endoplasmic reticulum staining as expected because the nuclear pore complex are channels 

embedded intermittently throughout the nuclear envelope. In the merged picture there is some 

orange intermittent perinuclear staining in the cells transfected with wild type ZIP7 (Figure 

5.9A). 

 

To improve the pictures, a high-resolution Zeiss LSM 880 confocal microscope was used to 

image the coverslips. High-resolution images show a clear yellow intermittent perinuclear ring 

around the nucleus in cells transfected with wild-type ZIP (Figure 5.9B). The peak of V5 (red 

colour) and NUP98 (green colour) was found to overlap when plotting the colocalization using 

the RGB profiler plugin from ImageJ and using a line drawn through two nuclear pore 

complexes. When a line was drawn through only one NPC, there was no colocalize of NUP98 

and ZIP7. This colour histogram suggests that ZIP7 is located all over the nuclear membrane, 

and at any point when it meets the nuclear pore complex, the colour will be yellow, and the 

peak will appear. These results suggest that ZIP7 is located in the nuclear envelope. 
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Figure 5.9: ZIP7 Co-localises with NUP98 in MCF-7 cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before probing with 
mouse V5 and rabbit NUP98 conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) respectively, and the nuclei 
were stained blue with DAPI (blue). (A) These images were captured with a Leica RPE automatic microscope using a 
63x magnification lens. (B) Image was taken on a Zeiss LSM 880 Microscope using a 63x Zeiss Oil immersion lens and 
processed using Zeiss’s ZEN software for Microsoft Operating system. A line was drawn across the cell and the 
colocalization intensity was measured along this line. The RGB profiler plugin from ImageJ was used to plot co-
localization. Scale bar, 10 μm 
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5.3.2.3 ZIP7	co-localizes	with	inner	nuclear	transmembrane	proteins	

 
The ONM of the nuclear envelope is contiguous with the endoplasmic reticulum, whereas the 

INM contains several integral membrane proteins, including lamin B receptor and emerin. 

Having confirmed the colocalization of ZIP7 with Lamins (Figure 5.7, 5.8) and 

NUP98 (Figure 5.9), this investigation was extended further to examine the colocalization of 

ZIP7 with some of the integral membrane proteins which are located in the inner nuclear 

membrane. 

 
A-  ZIP7 co-localizes with Lamin B Receptor 

 
Lamin B receptor is an eight transmembrane integral protein located in the INM and the ER246, 

and it is expected to be similar to ZIP7. Using a Leica RPE Automatic Microscope shows that 

the lamin B receptor is located in the ER membrane, and also some of the cells show some 

perinuclear staining (Figure 5.10A). The merged image shows a yellow perinuclear region 

around the nucleus as well as the ER, which suggests a similar location of the lamin B receptor 

to ZIP7. This was investigated further using a Zeiss LSM 880 microscope. The enlarged 

picture of the figure shows clear yellow spotting in the perinuclear region without ER co-

localization. By plotting the colour histogram across the yellow line in (figure 5.10B), the 

peak of V5 (red colour) can be seen to colocalize with the peak of the lamin B receptor (green 

colour). This colour histogram suggests the co-localization of the Lamin B receptor and ZIP7. 
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Figure 5.10: ZIP7 Co-localises with Lamin B receptor in MCF-7 cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before probing with 
mouse V5 and rabbit Lamin B receptor conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) respectively, 
and nuclei were stained blue with DAPI (blue). (A)These images were captured with a Leica RPE automatic microscope 
using a 63x magnification lens. (B) Image was taken on a Zeiss LSM 880 Microscope using a 63x Zeiss Oil immersion 
lens and processed using Zeiss’s ZEN software for Microsoft Operating system. A line was drawn across the cell and the 
colocalization intensity was measured along this line. The RGB profiler plugin from ImageJ was used to plot co-
localization. Scale bar, 10 μm 
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B- ZIP7 colocalizes with emerin 
 
Emerin is a single transmembrane protein that resides in the inner nuclear membrane246. Using 

a Leica RPE Automatic Microscope shows that emerin is located around the nucleus (Figure 

5.11). The merged image shows a yellow perinuclear region around the nucleus, suggesting a 

similar location of emerin and ZIP7.  

 

 
 
 
 
 
 
 
 

 

5.3.3 Co-localization	of	pZIP7	with	inner	nuclear	proteins	markers:	
 
After getting the promising results showing that ZIP7 colocalize with lamins (Figure 5.7 and 

5.8), NUP98 (Figure 5.9), Lamin B receptor (Figure 5.10), and emerin (Figure 5.11), this 

investigation was extended further to examine the colocalization pZIP7 with markers of the 

INM. pZIP7 is the active form of ZIP7 when it’s phosphorylated on S275 and S276, resulting 

in zinc release from the ER into cytosol. In this section, we investigate the nuclear localization 

of pZIP7, which could have a role in transporting the zinc into the nucleus and activate many 

of the transcription factors that have a role in cancer development. 

 

Figure 5.11: ZIP7 Co-localises with emerin in MCF-7 cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized 
before probing with rabbit V5 and mouse anti emerin conjugated to Alexa Fluor 488 (Green) and Alexa 
Fluor 594 (Red) respectively, and the nuclei were stained blue with DAPI (blue). (A)These images 
were captured with a Leica RPE automatic microscope using a 63x magnification lens. (B)A line was 
drawn across the cell and the colocalization intensity was measured along this line. The RGB profiler 
plugin from ImageJ was used to plot co-localization. Scale bar, 10 μm 
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5.3.3.1 Imaging	pZIP7	with	the	nuclear	pore	complex	

 
After getting promising results that show that ZIP7 colocalize with NUP98 (Figure 5.9), 

anther experiments were performed to investigate the colocalization of NUP98 with the active 

form of ZIP7. The cells were transfected with WT ZIP7 and probed with pZIP7 antibody, 

which only binds to the active form of ZIP7. Using Lecia RPE automatic microscope, the 

pZIP7 image showed a ring around the nucleus and the ER. NUP98 showed clear green 

staining around the nucleus. The merged figure of cells transfected with wild-type ZIP7 clearly 

shows a yellow perinuclear ring (Figure 5.12A). These results suggest colocalization of the 

active form of ZIP7 (pZIP7) with NUP98.  

 

Using a Zeiss LSM 880 confocal microscopy to obtain a higher resolution picture, the merged 

images show a clear yellow intermittent perinuclear ring around the nucleus in cells 

transfected with WT-ZIP7 (Figure 5.12B). The peak of pZIP7 (red colour) and NUP98 (green 

colour) was found to overlap together by plotting the colocalisation using the RGB profiler 

plugin from ImageJ. However, in some positions, the NUP98 and pZIP7 are not colocalising, 

according to the line drawn. This colour histogram suggests that pZIP7 is located all over the 

nuclear membrane, and when it meets the nuclear pore complex, the colour is yellow, and the 

peak appears. These results confirm that not only is ZIP7 colocalising with markers of the 

inner nuclear membrane, the activated form of ZIP7, pZIP7, is as well. These promising results 

suggest that ZIP7 around the nucleus is active and could actively transport zinc into the 

nucleus as well as into the cytoplasm from the ER store. 
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Figure 5.12: pZIP7 Co-localises with NUP98 in MCF-7 cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before probing 
with mouse pZIP7 antibody and rabbit NUP98 conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) 
respectively, and the nuclei were stained blue with DAPI (blue). (A) These images were captured with a Leica 
RPE automatic microscope using a 63x magnification lens. (B) Image was taken on a Zeiss LSM 880 Microscope 
using a 63x Zeiss Oil immersion lens and processed using Zeiss’s ZEN software for Microsoft Operating system. 
A line was drawn across the cell and the colocalization intensity was measured along this line. The RGB profiler 
plugin from ImageJ was used to plot co-localization. Scale bar, 10 μm 
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5.3.3.2 Co-localizes	of	pZIP7	with	Lamin	B	Receptor	

 
To test co-localization of the lamin B receptor with the active form of ZIP7, cells transfected 

with WT-ZIP7 were probed with antibodies for pZIP7 and Lamin B receptor. With the Leica 

RPE Automatic Microscope, the Lamin B receptor shows a bright green perinuclear staining 

with minimal endoplasmic reticulum staining (Figure 5.13A). The merged picture shows 

apparent yellow staining in the perinuclear region and some orange staining in the ER, which 

suggests the lamin B receptor and pZIP7 are co-localized. 

The coverslips were additionally imaged using a Zeiss LSM 880 confocal microscope to see 

a higher resolution perinuclear image and measure the intensity of fluorescence. Figure 

5.13B shows a clear intermittent yellow staining in the perinuclear region. Also, the peak 

overlay in the colour histogram confirms the colocalization of the lamin B receptor with the 

active form of ZIP7, suggesting that ZIP7 is active on the nuclear envelope, and it is likely to 

be able to transport zinc into the nucleus. 
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Figure 5.13: pZIP7 Co-localises with Lamin B receptor in MCF-7 cells. 

MCF-7 cells were transfected with WT ZIP7 for 18 hours. The cells were fixed and permeabilized before probing with 
mouse pZIP7 antibody and rabbit Lamin B receptor conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) 
respectively, and the nuclei were stained blue with DAPI (blue). (A)These images were captured with a Leica RPE 
automatic microscope using a 63x magnification lens. (B) Image was taken on a Zeiss LSM 880 Microscope using a 63x 
Zeiss Oil immersion lens and processed using Zeiss’s ZEN software for Microsoft Operating system. A line was drawn 
across the cell and the colocalization intensity was measured along this line. The RGB profiler plugin from ImageJ was 
used to plot co-localization. Scale bar, 10 μm 
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5.4  Chapter summary: 
 

The data shown in this chapter suggest that ZIP7 is located on the nuclear envelope due to its 

co-localisation with Lamin, NUP98, Lamin B Receptor, and Emerin. Furthermore, the active 

form of ZIP7 (pZIP7) also colocalises with NUP98 and Lamin B Receptor suggesting the 

presence of the active form of ZIP7 on the nuclear envelope. This would also mean that ZIP7 

could transport zinc into the nucleus as well as into the cytoplasm from its position on the ER 

membrane and the nuclear envelope. This is an important discovery that now needs further 

investigation. 

 

The nuclear membrane consists of two separate lipid bilayes, the inner neuclar membrane 

(INM) and outer nuceclear membrane (ONM) which are separated by a perinuclear space of 

approximately 30-50 nm247,248. Due to the close proximity of the ONM and INM, we need an 

advanced techniques to further confirm the INM localization of ZIP7. The 

immunofluorescence microscopy images presented in this chapter suggest that ZIP7 is located 

in the nuclear envelop at the resolution of light microscopy. The Airyscan confocal 

microscopy used in this project generate images with a lateral resolution of approximately 140 

nm and an axial resolution of approximately 350 nm249–251. This resolution is not sufficient to 

differentiate if the protein of interest located in INM or ONM because the distance between 

them is well below these limits. However, the use of differential labelling of protein located 

in INM or ONM with a fluorescent protein (mChery) and a different colour fluorophore 

(eGFP) will help to overcome this weakness and will allow to study the colocalization252,253.  

 

To further confirm the hypothesis that ZIP7 is located in INM, immunogold-label electron 

microscopy254–256 and proximity ligation assay in combined with super-resolution microscopy 

is needed. Due to the high resolution of the immunoelectron microscopy, it is consider as a 

gold standard to study the protein localization257,258. The super-resolution microscopy is 

capable to provide an image with a resolution between 100 to 20 nm259–261 and this will 

overcome the issue of diffraction limit of the light microscope which is approximately 250 nm 

lateral and 800 nm axial262. Single molecule fluorescence recovery after photobleaching 

(smFRAP)263 is a new technique which could be used to understand the dynamic movement 
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of ZIP7 and its distribution on INM. Metal-Induced Energy Transfer (MIET) is also a new 

technique with an axial resolution of a few nanometers which allows an accurate 

differentiation between the INM and ONM262,264. ZIP7 has already been implicated in cancer 

growth, and proving a role for ZIP7 in nuclear zinc transport could have significant 

implications for new cancer therapeutics. To build upon this discovery that ZIP7 is located on 

the NE,  the next chapter will focus on investigating the mechanism of ZIP7 trafficking to the 

inner nuclear membrane. 
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6. Chapter 6: Investigation the nuclear localization signals (NLS) 
of ZIP7 

 

6.1 Introduction 
 
The immunofluorescence results in the previous chapter demonstrate that ZIP7 is present on 

the nuclear membrane as well as on the endoplasmic reticulum (ER) membrane, suggesting 

ZIP7 can transport zinc from the ER store into the nucleus. It is of fundamental importance to 

understand how ZIP7 is targeted into the nucleus because it could have a crucial role in many 

cellular processes such as DNA replication, transcription, and RNA processing265. The nuclear 

pore complex allows the bidirectional movement of macromolecules between the cytoplasm 

and the nucleus. Small molecules (<40 kDa) can diffuse passively through the nuclear pore 

complex; however, larger proteins are transported actively and their NLS is recognized by a 

specific carrier (importin-α or importin-ß)266. There is much less is known about the 

mechanisms for nucleocytoplasmic transport of ZIP7 and other integral membrane proteins 

compared to transport of soluble proteins which are well characterized. The aim of this chapter 

to investigate the nuclear translocation mechanism of ZIP7. 

 

It is not clear how ZIP7 is translocated to the nucleus. Computer analysis of the ZIP7 sequence 

in chapter 3 revealed that ZIP7 is predicted to have three NLSs, which could have a role in its 

nuclear localisation. To assess the function of these motifs, ZIP7 mutants, lacking the potential 

NLS signals, were generated by site-directed mutagenesis. These mutants were assessed to 

characterise the role of ZIP7-mediated zinc transport from the endoplasmic reticulum and 

nucleus. Immunofluorescence was performed to confirm the transfection efficiency and the 

cellular localisation of the mutants. Colocalisation of those mutants with inner nuclear 

membrane markers was investigated. Furthermore, a western blot was performed to examine 

the effect of those mutants on ZIP7 activation. The different functions of the ZIP7 NLS 

mutants were assessed using phopsho-kinase arrays to examine the activated downstream 

pathways. 
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6.2 Methods 
 
Site-directed mutagenesis was performed by Mutagenex Inc. to generate ZIP7 mutant 

constructs lacking the predicted NLS. MCF-7 cells grown on coverslips or dishes were 

transfected with WT-ZIP7 and ZIP7 NLS mutant constructs and harvested after 18 hours. The 

coverslips were stained for V5 and Lamin B receptor or pZIP7. The human phospho-kinase 

arrays (R&D system, ARY003B) were used, and according to the arrays, the kinases that 

markedly increased were further confirmed by western blot. Please refer to Chapter 2 for the 

methods of cell preparation and treatment (Section 2.1), site-directed mutagenesis (Section 

2.2), immunofluorescence (Section 2.4), western blot (Section 2.5), and proteome profiler 

antibody arrays (Section 2.6). 

 

6.3 Results  

6.3.1 Mutagenesis	of	the	potential	NLSs	of	ZIP7:		
 
Confocal microscopy of MCF7 cells (Chapter 5) showed that ZIP7 and its active form (pZIP7) 

co-localised with Lamin, NUP98, Lamin B Receptor, and emerin, all molecules that are 

associated with the INM. Since the mechanism of ZIP7 translocation to INM is not known, 

the potential NLS motifs in ZIP7 were mutated (Figure 6.1) to study the effect of each one of 

these on ZIP7 nuclear targeting.  NLS1 has alanine mutation in the three basic amino acids 

(288KRR301 to 288AAA301), the NLS2 has alanine mutation in two basic amino acids (310KR311 

to 310AA311), and the NLS3 (288AAAGGSTVPKDGPVRPQNAEEEAA311) contains both 

these mutations (Figure 6.1).  
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6.3.2 The	role	of	predicted	nuclear	localization	signals	in	targeting	ZIP7	to	the	
INM:	

 

To study the transfection efficiency of the ZIP7 mutant constructs and the role of the basic 

region of ZIP7 in its nuclear localization, immunofluorescence was performed on the cells 

transfected with WT-ZIP7, NLS1, NLS2, and NLS3. The immunofluorescence results showed 

the cells were expressing the recombinant protein well. By counting the number of cells that 

were positive for V5 in different visual fields, the transfection rates varied from 33%, in cells 

overexpressing WT ZIP7 to 27%, as in cells overexpressing NLS2 (Figure 6.2). This result 

suggests that all these mutations of ZIP7 were expressed similarly to the WT ZIP7. 

The enlarged views were examined to observe any changes in the location of ZIP7. These 

revealed no or little effect on the nuclear translocation ability of ZIP7 as all the mutants 

showed a bright nuclear ring around the nucleus (Figure 6.2). Furthermore, all mutants 

appeared to show similar endoplasmic reticulum staining as well, suggesting little or no effect 

of these mutations on the cellular location of ZIP7 and that ZIP7 may have a different 

mechanism of nuclear translocation, not involving these motifs which are still not clearly 

understood. 

 

 

Figure 6.1 Schematic diagram that shows the alanine mutation in the predicted NLSs 

ZIP7 is predicted to have three nuclear localization signals. Alanine mutations were 
performed to study the effect on ZIP7 nuclear localization. 
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Figure 6.2: Transfection efficiency of NLS ZIP7 mutants. 

MCF-7 cells were transfected with wild-type and NLS mutants of ZIP7 for 18 hours. The cells were 
fixed and permeabilized before being probed for V5 conjugated to Alexa Fluor 488 (green) and the 
nuclei were stained blue with DAPI. These images were captured with a Leica RPE Automatic 
Microscope using a 63x magnification lens. Scale bar, 10 μm. The bar graph represents the percentage 
of cells positive for the ZIP7 constructs, from seven different fields of view. 
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6.3.3 Colocalization	of	ZIP7	NLS	mutants	with	inner	nuclear	protein	markers:	
 

To further characterise the NLS ZIP7 mutants, immunofluorescence was performed using a 

INM marker such as lamin proteins, lamin B, located close to the inner nuclear membrane. 

The V5 antibody that recognises the C-terminal V5 tag on the recombinant proteins was used 

to detect the ZIP7 mutant constructs. The merged images show a bright yellow colour around 

the nucleus (Figure 6.3) which suggests the colocalisation of ZIP7 NLS mutants (V5, green) 

with lamin B (red) and their location on the inner nuclear membrane. The results, therefore, 

suggest that these mutations might not affect ZIP7 nuclear translocation. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

	

 
 

 

 
 
 
 
 
 
 

Figure 6.3 Colocalization of NLS mutants with Lamin B: 

MCF-7 cells were transfected with NLS ZIP7 mutants for 18 hours. The cells were fixed and permeabilized before 
being probed with mouse V5 and rabbit LaminB conjugated to Alexa Fluor 594 (red) and Alexa Fluor 488 (green) 
respectively, and nuclei were stained blue with DAPI. These images were captured with a Leica RPE Automatic 
Microscope using a 63x magnification lens. Scale bar, 10 μm  
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6.3.4 Effect	the	removal	of	nuclear	localization	signals	on	ZIP7	activation:	
 
To investigate whether ZIP7 phosphorylation after 10 minutes of zinc treatment was adversely 

effected by mutation of the NLSs, immunofluorescence was performed using a pZIP7 

antibody, which has been tested in Chapter 4. The V5 antibody was used to identify the cells 

transfected with different ZIP7 constructs. The percentage of cells transfected with WT ZIP7 

that were positive for pZIP7 has increased significantly from 48% before zinc treatment to 

84% after zinc treatment (Figure 6.4). The pZIP7 level in cells transfected with mutants NLS1 

and NLS2 were 42% and 41% respectively at basal condition. After 10 minutes of zinc 

treatment, 67% of cells overexpressing ZIP7 NLS1 and 54% of the cells overexpressing NLS2 

were positive for pZIP7. Interestingly the cells transfected with NLS3 showed a lower pZIP7 

activation at basal condition 38% and after 10 minutes of zinc treatment 41%. All the ZIP7 

NLS mutants showed an increase after 10 minutes of zinc treatment; however, none 

significantly. These results suggest that ZIP7 NLS mutation might interfere with CK2 binding 

on S275 and S276, resulting in less ZIP7 activation. These results further support the 

usefulness of the pZIP7 antibody in determining ZIP7 activation. 

 

Western blot was performed in the cells transfected with WT ZIP7, NLS1, NLS2, and NLS3 

and treated with zinc for 10 minutes to confirm the immunofluorescence results. Total ZIP7 

antibody (proteinTechTM) was used due to its ability to bind to both the active and inactive 

forms of ZIP7, while the pZIP7 antibody only binds to the active form of ZIP7 when it’s 

phosphorylated on residues S275 and S276. Cells transfected with WT ZIP7 showed a similar 

activation pattern as in Chapter 4 - a significantly increased ZIP7 activation after 10 minutes 

of zinc treatment (Figure 6.5 A). A similar pattern of WT ZIP7 activation showed with cells 

transfected with NLS mutants, the level of pZIP7 increase after 10 minutes of zinc treatment 

but with no statistically significant compared to the untreated cells (Figure 6.5 B-D). 

 

The results are represented as a percentage of the untreated state to understand how the NLS 

mutant response performed differently to zinc stimulation. This showed that pZIP7 level is 

significantly increased after 10 minutes of zinc treatment in cells transfected with WT ZIP7 
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only while cells transfected with NLS1, NLS2, and NLS3 mutants showed an increase in the 

level of pZIP7 after zinc treatment, but this was not statistically significant (Figure 6.5 

E). These results suggest that the predicted NLS is essential for maximal ZIP7 activation as 

none of the mutants was significantly increased in pZIP7 level after 10 minutes of zinc 

treatment. NLS mutants might interfere with CK2 binding on S275 and S276, affecting ZIP7 

activation and downstream signaling pathways. 



  

 133 

 
Figure 6.4: Increase ZIP7 activation in the cells transfected with NLS ZIP7 mutant constructs. 

MCF-7 cells were transfected with WT ZIP7 or ZIP7 NLS mutants for 18 hours. The cells were untreated 
or treated with zinc for 10 minutes before being fixed and permeabilized. The coverslips were probed with 
pZIP7 antibody and V5 conjugated to Alexa Fluor 594 (Red) and Alexa Fluor 488 (Green) respectively 
and the nuclei were stained blue with DAPI. Images were captured with a Leica RPE automatic microscope 
using a 63x magnification lens. Scale bar, 10 μm. Numbers in brackets indicate the length of zinc treatment 
in minutes. The bar graph shows the percentage of transfected cells that are positive for pZIP7 as a mean 
of nine different fields of view ± standard error. ∗∗∗ = p<0.001 
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Figure 6.5: Effect of zinc treatment on activation of ZIP7 NLS mutants. 

MCF7 cells transfected with wild type ZIP7, NLS1, NLS2, or NLS3, treated with zinc for 10 minutes 
and the cell lysates were analysed by western blot. The membrane was probed with antibodies to pZIP7 
(48 kDa), tZIP7 (48 kDa), V5 (53 kDa) and GAPDH (35 kDa). Densitometric data was normalised to 
tZIP7 and demonstrated in relative density units as mean values of n = 4 ± standard error. The statistical 
significance compared to the samples with no zinc treatment is indicated by * (p<0.05).  E, Graph 
represents the results expressed as percentage of the untreated constructs. 



  

 135 

6.3.5 Using	phospho-kinase	arrays	to	investigate	the	effect	of	NLS	mutants	on	
ZIP7	activation	and	downstream	signaling:	

 
ZIP7 is a gatekeeper for zinc release from cellular stores63. Zinc ions released from cellular 

stores inhibit protein tyrosine phosphatases such as protein tyrosine phosphatase 1B, resulting 

in activation of many cellular tyrosine kinases241,242. Activation of these tyrosine kinases as a 

result of ZIP7 activation is responsible for the aggressive behaviour of tamoxifen resistance 

breast cancer cells69. The previous chapter suggested that ZIP7 is located on the nuclear 

membrane, and by searching different online databases, it was discovered that ZIP7 have 3 

predicted NLSs. The western blot results in Figure 6.5 showed that nuclear localisation 

signals of ZIP7 are essential for ZIP7 maximal activation. In this study, phospho-kinase arrays 

were used to analyse any differences between the WT ZIP7 and those mutants with a potential 

nuclear localisation site removed. Human phospho-kinase arrays are a helpful tool that 

determines the activation of 43 different cellular kinases with their specific phosphorylated 

residue in the same samples. The samples used for this analysis were additionally treated with 

0, 2, 5, or 10 minutes of zinc to assess response to a zinc stimulus and a direct comparison to 

the wild-type ZIP7.  

 

Before running cell samples on the array’s membranes, western blot analysis was performed 

to confirm that the expression level of recombinant ZIP7 does not change with zinc treatment 

by probing the membrane with V5. Western blot results in Figure 6.6 shows a good 

transfection level of WT ZIP7 and ZIP7 NLS mutants at different time points of zinc treatment. 

This result confirms that any change in the downstream signaling pathways of NLS mutants 

is not due to their expression level and due to their affect on ZIP7 activity. 

 
The phospho-kinases arrays used in this study are based on the analysis of cell lysate samples 

on nitrocellulose membranes. The cells were transfected with WT ZIP7 or ZIP7 NLS mutants 

and treated with zinc for up to 10 minutes. The cell lysates were incubated on a membrane 

containing several antibodies targeted to different kinases. The human phospho-kinase arrays 

consist of two membranes, part A and part B. Part A consists of two pairs of reference spots 

on the left corners and one pair of negative control spots on the bottom right corner, as 

illustrated in Figure 6.7. Part B contains one pair of reference spots on the upper right corner 
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and one pair of negative control spots on the bottom right corner, as illustrated in Figure 6.7. 

The density of the dots was measured using Quick Spot Imaging Analysis Software, and the 

results were analysed using Microsoft® Excel for Mac. The high density of the spots in the 

phospho-kinase arrays corresponds to an increased phosphorylation level within the cells. The 

results obtained from these arrays are shown in Figure 6.8. 

 

Assessing the results obtained from the WT ZIP7 blot shows an increase in intensity to many 

dots, especially after 10 minutes of zinc treatment (Figure 6.8). However, some key kinases 

are also activated by 5 minutes, such as AKT 1/2/3 (S473), ERK1/2 (T202/Y204, T185/Y187), 

CREB (S133), WNK1 (T60), p70S6 Kinase (T389), and p70S6 Kinase (T421/S424). This is 

an encouraging result as these kinases are immediately downstream of ZIP7-mediated zinc 

release69,74. Significant phosphorylation of ZIP7 is detected at 2 minutes of zinc treatment, 

which is compatible with kinase activation at 5 minutes of zinc treatment169. Examination of 

the NLS mutants suggests that NLS1 and NLS2 appear similar to the WT ZIP7. In contrast, 

the cells transfected with NLS3 appear to have paler dots, suggesting that the important motif 

has been removed, resulting in decreased phosphorylation of many kinases. 

 
To examine the actual level of each kinase, a bar graph was produced showing densitometric 

values of the pairs of corresponding duplicate dots for all the kinases detected at 0, 2, 5 and 

10 minutes of zinc treatment. The activity of the kinases was divided into two groups 

according to the signal density: marked increase (> 5000 density units) and mild increase 

(2000-5000 density units) at 10 minutes of zinc treatment compared with the untreated cells. 

To reduce false positive results due to the variability of background intensity, differences of 

less than 2000 units were considered negative.  
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Figure 6.6 Confirmation of the expression of recombinant ZIP7 constructs. 

MCF7 cells transfected with wild type ZIP7, NLS1, NLS2, or NLS3 and then treated with zinc for up 
to 10 minutes. The cell lysates were analysed by western blot. Antibodies against V5 and GAPDH 
were used to probe the membrane. Protein bands of V5 (53 kDa) and GAPDH (35 kDa) are pictured.  
 

Figure 6.7 Human phospho-kinase array coordinates 

The image shows schematic dots in the array’s membrane. There are a pair of reference spots 
in the corner of each membrane. Two pairs on the left side of Part A and one pair on the 
right side of Part B) which highlighted in blue box. Each membrane also has a negative 
control spot which is highlighted in green box. The Image sourced from R &D System. 
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Figure 6.8 Phosphokinase arrays in MCF-7 cells transfected with WT ZIP7 and ZIP7 NLS mutants with zinc stimulation 

MCF-7 cells were transfected with WT ZIP7, NLS1, NLS2, or NLS3 and treated with zinc for up to 10 minutes. Phosphorylation of selected kinases was 
determined using the human phospho−kinase antibody arrays (R&D Systems) according to manufacturer’s instructions. Each kinase was detected in 
duplicate spots. Reference spots are labelled with the blue boxes and the negative control spots are labelled with green boxes. The kinases that show a 
marked increase (>5000 density units) after 10 minutes zinc treatment, compared with the control samples (no zinc treatment) are indicated.   
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Figure 6.9 Densitometric analysis of phospho−kinase arrays in MCF−7 cells transfected with WT ZIP7 and stimulated with 
zinc. 

MCF−7 cells were transfected with WT ZIP7 for 18 hours. Zinc treatment was performed for 2, 5, and 10 minutes. Phosphorylation of selected kinases at 
the residues indicated in bracket was determined using the human phospho−kinase antibody arrays (R&D Systems). Densitometric data are presented as 
mean of the duplicate dots for each kinase ± standard error (n=2). The kinases that show a marked increase (>5000 density units) after 10 minutes zinc 
treatment, compared with the control samples (no zinc treatment) are indicated with a red star. 
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Figure 6.10 Densitometric analysis of phospho−kinase arrays in MCF−7 cells transfected with ZIP7 NLS1 with zinc stimulation. 

MCF−7 cells were transfected with NLS1 for 18 hours. Zinc treatment was performed for 2, 5, and 10 minutes. Phosphorylation of selected kinases at the residues 
indicated in bracket was determined using the human phospho−kinase antibody arrays (R&D Systems). Densitometric data are presented as mean of the duplicate 
dots for each kinase ± standard error (n=2). The kinases that show a marked increase (>5000 density units) after 10 minutes zinc treatment, compared with the control 
samples (no zinc treatment) are indicated with a red star. 
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Figure 6.11 Densitometric analysis of phospho−kinase arrays in MCF−7 cells transfected with ZIP7 NLS2 with zinc stimulation. 

MCF−7 cells were transfected with NLS2 for 18 hours. Zinc treatment was performed for 2, 5, and 10 minutes. Phosphorylation of selected kinases at the 
residues indicated in bracket was determined using the human phospho−kinase antibody arrays (R&D Systems). Densitometric data are presented as mean 
of the duplicate dots for each kinase ± standard error (n=2). The kinases that show a marked increase (>5000 density units) after 10 minutes zinc treatment, 
compared with the control samples (no zinc treatment) are indicated with a red star. 
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Figure 6.12 Densitometric analysis of phospho−kinase arrays in MCF−7 cells transfected with ZIP7 NLS3 plus zinc stimulation. 

MCF−7 cells were transfected with NLS3 for 18 hours. Zinc treatment was performed for 2, 5, and 10 minutes. Phosphorylation of selected kinases at the 
residues indicated in bracket was determined using the human phospho−kinase antibody arrays (R&D Systems). Densitometric data are presented as 
mean of the duplicate dots for each kinase ± standard error (n=2). The kinases that show a marked increase (>5000 density units) after 10 minutes zinc 
treatment, compared with the control samples (no zinc treatment) are indicated with a red star. 
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Figure 6.9 represents the kinases activated in cells expressing the WT ZIP7. The cells 

transfected with WT ZIP7 showed a mild increase (2000-5000 density units) in the 

phosphorylation of GSK−3α/β (S21/S9) and a marked increase (> 5000 density units) in 

ERK1/2 (T202/Y204, T185/Y187), AKT 1/2/3 (S473), CREB (S133), p70S6 Kinase (T389), 

p70S6 Kinase (T421/S424), and WNK1 (T60) is seen after 10 minutes of zinc treatment, 

compared with the untreated samples. The markedly increased kinases compared with the 

untreated cells have been highlighted with a star on the graph in Figure 6.9. Interestingly, all 

these kinases have been shown to be immediately downstream of ZIP7-mediated zinc release 

from stores74. It has been shown previously that the phosphorylation of AKT (S473) and 

ERK1/2 (T202/Y204, T185/Y187) is the result of ZIP7-mediated zinc release after 

phosphorylation by CK2 on residues S275 and S276169. The phosphorylation level of p70S6 

Kinase, CREB (S133) and WNK1 (T60) has been shown to be higher in the cells transfected 

with WT ZIP7 than in un-transfected cells, suggesting that p70S6 Kinase, CREB (S133), and 

WNK1(T60) are downstream effectors of ZIP7-mediated zinc release from cellular stores74. 

Therefore, it is essential to assess the effect of these kinases in response to MCF-7 transfection 

with the NLS mutants. 

 

Figure 6.10 represents the kinases activated in the cells expressing the ZIP7 NLS1 mutant. 

Treatment of the cells transfected with NLS1 mutant with 10 minutes of zinc showed a marked 

increase (>5000 density units) in phosphorylation of ERK1/2 (T202/Y204, T185/Y187), AKT 

1/2/3 (S473), and CREB (S133) and a mild increase (2000-5000 density units) in WNK1 (T60) 

when compared to untreated cells, suggesting that NLS2 affects ZIP7 maximal activation. Cells 

transfected with the NLS2 mutant and treated with zinc for 10 minutes showed a marked 

increase (>5000 density units) in phosphorylation of ERK1/2 (T202/Y204, T185/Y187), AKT 

1/2/3 (S473), CREB (S133), and WNK1 (T60) and a mild increase (2000-5000 density units) 

HSP27 (S78/S82), GSK−3α/β (S21/S9), PRAS40 (T246), p70S6 Kinase (T389), p70S6 Kinase 

(T421/S424) when compared to untreated cells (Figure 6.11). Heat shock protein (HSP27) 

plays a significant role in inhibiting apoptosis267. HSP27 is present in both the cytoplasm and 

nucleus267. High expression of HSP27 is associated with metastasis, drug resistance, and poor 

prognosis in breast cancer, suggesting that HSP27 could be a proper target in breast cancer 

therapy268.  The proline-rich Akt substrate of 40 kDa (PRAS40) is associated with the tumour 

progression of multiple cancers including melanoma and gastric cancer269. Interestingly, after 

10 minutes of zinc treatment in cells transfected with the NLS3 mutant (Figure 6.12), only 

AKT 1/2/3 (S473) markedly increased while p70S6 Kinase (T389), and p70S6 Kinase 
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(T421/S424) mildly increased when compared to untreated cells. It is clear that in NLS3 

transfected cells, there is a decrease in the level of several kinases, which equates to this mutant 

having a big effect on ZIP7 and its function. This mutant could prevent some ZIP7 from going 

to the nucleus, and that the differences were seen related to ZIP7 function in the nucleus 

compared to its function in the ER. 

 

Zinc promotes activation of receptor tyrosine kinases and its downstream signaling pathways, 

which promote cell proliferation69. Treating cells with exogenous zinc leads to ZIP7-mediated 

zinc release, which causes tyrosine phosphatase inhibition, leading to tyrosine kinase 

activation169. Zinc treatment was done for between 2 and 10 minutes to see the difference in 

kinase activation over time. A large difference in the activity of the kinases was observed at 10 

minutes of zinc treatment compared to untreated cells; therefore, 10 minutes of zinc treatment 

was chosen to confirm the array results with western blot in the next section. Five key kinases 

showed a marked increase after 10 minutes of zinc treatment in cells transfected with WT ZIP7, 

highlighted with a red star in Figure 6.9, and those kinases have been shown previously to be 

involved in the main downstream signalling pathways after ZIP7 activation74.  

  

ERK1/2 (T202/Y204, T185/Y187), extracellular signal-regulated kinases 1 and 2 (also known 

as MAPK) are part of the RAS-Raf-ERK signal transduction cascade270. Dysregulation in the 

MAPK cascade contributes to cancer271. In WT ZIP7-transfected cells, ERK starts to increase 

at 5 minutes of zinc treatment and significantly increases at 10 minutes of zinc treatment 

(Figure 6.13). Protein kinase CK2 phosphorylates ZIP7 at S275 and S276, followed by an 

increase in cytosolic free zinc, which activates ERK1/2 and AKT169. For NLS1 and NLS2-

transfected cells, ERK is significantly increased at 5 minutes of zinc treatment, which is earlier 

than observed for WT ZIP7. In contrast, NLS3-transfected cells show a very low level of ERK 

activation compared to WT ZIP7, NLS1, and NLS2 at all time points. These results confirm 

the results of the array (Figure 6.8) and suggest that removal of the nuclear localization signal 

in the NLS3 mutant has a considerable effect on ZIP7 maximal activation. 

 

AKT (S473) plays a key role in the downstream signalling pathway of ZIP7. Removal of ZIP7 

by siRNA in tamoxifen-resistance breast cancer cell line significantly reduces AKT 

phosphorylation even after zinc stimulation69. Cells transfected with WT ZIP7 showed a 

significant increase of AKT starting at 5 minutes of zinc treatment (Figure 6.13) which 
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confirmed a previous observation that zinc treatment in ZIP7-transfected cells increases ZIP7-

mediated zinc release within two minutes169. Like the cells transfected with WT ZIP7, those 

transfected with NLS1 showed a significant increase at 5 minutes; however, the amplitude is 

less than cells transfected with WT ZIP7. AKT in cells transfected with NLS2 mutant showed 

an earlier activation which started at 2 minutes of zinc treatment and significantly increased 

with longer zinc treatment. As expected, cells transfected with NLS3 mutant showed a very 

low level of AKT activation compared to WT ZIP7, NLS1, and NLS2 and only significantly 

increased at 10 minutes of zinc treatment (Figure 6.13).  

 

CREB (cAMP response element-binding protein) is a 43 kDa nuclear transcription factor 

activated by phosphorylation at various serine residues272. The best-understood 

phosphorylation is that of serine 133 (S133) by many different serine/threonine (Ser/Thr) 

protein kinases such as the mitogen-activated protein kinases (MAPK), Akt/protein kinase B 

(PKB), and protein kinase A (PKA)273,274. In cells transfected with WT ZIP7, CREB 

phosphorylation was significantly increased at 5 minutes of zinc treatment, and more 

phosphorylation was observed at 10 minutes of zinc treatment (Figure 6.13). Cells transfected 

with NLS1 and NLS2 showed an earlier significant activation than cells transfected with WT 

ZIP7, which started at 2 minutes of zinc treatment. CREB activation in cells transfected with 

NLS3 is very low level compared to cells transfected with WT ZIP7, NLS1, and NLS3, which 

suggests that NLS3 affects zinc release into the nucleus, which is essential to activate zinc 

finger transcription factors such as CREB.  

 

p70S6 Kinase is a mitogen-activated Ser/Thr protein kinase required for cell growth and G1 

cell cycle progression275. p70S6 Kinase is phosphorylated at different Ser/Thre residues by 

different upstream kinases including AKT and ERK1/2276. p70S6 Kinase is a signaling protein 

in two mitogen-activated signaling pathways, including phosphoinositide-3 kinase (PI-3K) and 

the mammalian target of rapamycin (mTOR)275. In cells transfected with WT ZIP7 showed a 

gradual increase in p70S6 Kinase (T389) phosphorylation after zinc treatment, with a 

significant increase beginning at 5 minutes (Figure 6.13). Cells transfected with NLS1, NLS2, 

and NLS3 showed a significant increase of p70S6 Kinase (T389) starting at 5 minutes of zinc 

treatment, which is similar to cells transfected with WT ZIP7; however, the level of the 

activation is lower than with WT ZIP7. In cells transfected with WT ZIP7, p70S6 Kinase 

(T421/S424) showed a gradual increase with zinc treatment which is significant from 2 minutes 
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(Figure 6.13). Cells transfected with NLS1 and NLS2 showed a delay in p70S6 Kinase 

(T421/S424) activation compared with WT ZIP7, which is significantly increased at 10 

minutes of zinc treatment. As expected, cells transfected with NLS3, p70S6 Kinase 

(T421/S424) showed a lower level of activation compared to WT ZIP7, NLS1, and NLS2.  

 

WNKs (with no lysine [K]) are a protein kinase family that have been shown to play an 

essential role in the regulation of electrolyte homeostasis277. WNKs are also involved in cancer 

progression through three major cancers-associated signaling networks: PI3K-AKT, TGF-ß, 

and NF-kB277. Cells transfected with WT ZIP7 showed a significant increase of WNK1 (T60) 

level at 5 and 10 minutes of zinc treatment (Figure 6.13). Previous data from our group showed 

that WNK1 (T60) is markedly increased in cells transfected with WT ZIP7 and treated with 

zinc compared to the non-transfected zinc-treated MCF-7 cells which confirmed that the 

phosphorylation of WNK1 (T60)  is ZIP7-dependent74. Cells transfected with NLS1 showed a 

is significant increase in WNK1 (T60) level at 10 minutes of zinc treatment. Cells transfected 

with NLS2 showed a significant increase at 5 and 10 minutes of zinc treatment, although a 

lower WNK1 (T60) phosphorylation level than WT ZIP7. As expected, cells transfected with 

NLS3 showed a low WNK1 (T60) level than WT ZIP7, NLS1, and NLS2, with a significant 

increase only at 10 minutes of zinc treatment. 

 

The main advantage of using phospho-kinase arrays is the identification of a high number of 

signaling molecules within a sample of cells. ZIP7 is activated by phosphorylation on S275 

and S276, resulting in zinc release from intracellular stores that inhibits protein tyrosine 

phosphatases169. The array results in this study showed a significant increase in ERK1/2 

(T202/Y204, T185/Y187), AKT 1/2/3 (S473), CREB (S133), p70S6 Kinase (T389), and p70S6 

Kinase (T421/S424) in cells transfected with WT ZIP7 and treated with zinc which has also 

been confirmed previously74. Interestingly, cells transfected with NLS3 showed a low level of 

these kinases, suggesting that the NLS3 mutant has a big effect on ZIP7 function in the nucleus. 

The highly phosphorylated proteins detected from these arrays were further verified by western 

blot in the next section. 
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Figure 6.13 Cells transfected with NLS3 mutant shows less kinase activation than WT 
ZIP7, NLS1, and NLS2. 

MCF−7 cells were transfected with WT ZIP7, and ZIP7 NLS mutants and treated with zinc 

for up to 10 minutes. Phosphorylation of selected kinases at the residues indicated in brackets 
after the names of the kinases was determined using the human phospho−kinase antibody 

arrays (R&D Systems). Average densities of the duplicate spots for the kinases that show 
marked increases in phosphorylation (>5000 density units) after 10 minutes zinc treatment 

when compared to the un-treated cells are demonstrated. Densitometric data are presented as 
mean of the duplicate dots for each kinase ± standard error (n=2). Statistical significance of 

each mutant being compared at each time point to un-treated cells. * p < 0.05 
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6.3.6 Western	blotting	to	confirm	the	kinases	activated	by	ZIP7	and	
downregulated	in	cells	transfected	with	NLS3	mutant:	

 

Phospho-kinase arrays in the previous section were used as a screening method to investigate 

how NLS mutants affect many of the ZIP7 downstream pathways. All cells transfected with 

NLS mutants showed a lower phosphorylation level in most kinases than WT ZIP7. However, 

the double alanine mutation in NLS3 showed a big impact on ZIP7 downstream signalling 

pathways as all the kinases have a very low level compared to WT ZIP7, NLS1, and NLS2. To 

confirm the phosphorylation of the marked increase kinases due to ZIP7 overexpression and 

the negative effect of NLS3 on ZIP7 activation, western blot was performed in cells transfected 

with WT and NLS3 and treated with zinc for 10 minutes. Ten minutes of zinc treatment was 

chosen to confirm the array results because it shows the highest activation level of the kinases 

in cells transfected with WT ZIP7. We would like to see how cells transfected with NLS3 

decrease this activation. The kinases selected to be confirmed by western blot were ERK1/2 

(T202/Y204, T185/Y187), AKT 1/2/3 (S473), CREB (S133), p70S6 Kinase (T389), and p70S6 

Kinase (T421/S424).  

 

6.3.6.1 ZIP7	NLS3	transfection	shows	less	ERK1/2	(T202/Y204,	T185/Y187)	
activation	than	WT	ZIP7:	

 

Cells transfected with WT ZIP7 showed an increase of ERK1/2 (extracellular signal-regulated 

kinases 1 and 2) after 10 minutes of zinc treatment which was not statistically 

significant (Figure 6.14). Cells transfected with NLS3 showed a lower level of activated 

ERK1/2 in the untreated sample thank WT ZIP7, suggesting ZIP7 mutant not able to function 

as well as the WT ZIP7 which confirm the data from the phospho-kinase arrays. This, in turn, 

suggests that the nuclear localisation of ZIP7 may be essential for activating ERK1/2 by ZIP7-

mediated zinc release. Cells transfected with NLS3 showed a significant increase in ERK1/2 

activation after 10 minutes of zinc treatment (Figure 6.14), suggesting this mutant is active 

and able to transport zinc but less extend than WT ZIP7. 

 

The mitogen-activated protein kinase (MAPK) signaling pathways control many fundamental 

cellular processes such as growth, proliferation, migration, differential, and apoptosis278. 

Abnormalities in MAPK signalling play a critical role in the development and progression of 
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cancer, and many cancer treatments target MAPK270. The ERK pathway is dysregulated in 

approximately one-third of all human cancers278. ERK1/2 is activated by phosphorylation on 

residues T202/Y204 and T185/Y187279. A recent study in our group demonstrated that ZIP7-

mediated zinc release activates downstream signalling pathways such as MAPK, mTOR, and 

PI3K-AKT74. The array data and the western blot presented here confirm that ZIP7-mediated 

zinc release activates MAPK and also shows that inhibiting the nuclear localization of ZIP7 is 

a novel therapeutic target to decrease the phosphorylation level of MAPK.  

 

 

6.3.6.2 Cells	transfected	with	NLS3	mutant	shows	less	AKT	1/2/3	(S473)	
activation	than	WT	ZIP7:	

 

pAKT (S473) is known to be involved in cell proliferation and survival74. As expected, there 

was undetectable pAKT (S473) in the untreated cells, and pAKT (S473) was significantly 

increased after 10 minutes of zinc treatment in cells transfected with WT ZIP7 (Figure 

6.15), which is supported by the array data. In addition, the cells transfected with NLS3 showed 

a similarly low level of pAKT (S473) activation when un-treated to WT ZIP7 and then 

significantly increased after 10 minutes of zinc treatment. The pAKT (S473) phosphorylation 

level in NLS3 at 10 minutes of zinc treatment was less than the cells transfected with WT 

ZIP7 (Figure 6.15). These data suggest that nuclear localization of ZIP7 is essential for 

maximal ZIP7 activation as the level of pAKT (S473) was less in cells transfected with NLS3. 

 

Figure 6.14 ERK1/2 activation downstream of ZIP7-mediated zinc release. 

MCF-7 cells transfected with wild-type ZIP7 or NLS3 and then treated with zinc for 10 minutes and 
the cell lysates were analysed by western blot. Phospho-ERK (pERK), V5 and GAPDH antibodies 
were used to probe the membrane. Protein bands of pERK (44-42 kDa), V5 (53kDa) and GAPDH 
(35 kDa) are demonstrated. Densitometric data was normalised to V5 and demonstrated in relative 
density unit as mean values of n = 4 ± standard error. ∗∗ = p<0.01 
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6.3.6.3 	Effect	the	removal	of	NLS3	on	CREB	(S133)	activation	
 

Previous studies have shown that zinc regulates the activity of many transcription factors such 

as metal-responsive transcription factors-1 (MTF-1), CREB, and CREB binding protein 

(CBP)161. CREB is a transcription factor localized in the nucleus280. It is activated by 

phosphorylation at S133 by different receptor-activated protein kinases, including protein 

kinase A (PKA) and mitogen-activated protein kinases (MAPK)280. Many transcription factors 

that regulate the expression of cytokines, growth factors and other essential molecules that have 

a role in cell death and proliferation are zinc finger proteins. Therefore, they depend on zinc 

for their activities274. So, targeting these transcription factors with upstream activation factors 

may be an attractive approach for antitumour strategies. To determine whether ZIP7 

overexpression increases the phosphorylation of CREB, and whether removal of nuclear-

located ZIP7 decreases CREB phosphorylation, western blot was performed in cells transfected 

with WT ZIP7 and the ZIP7 NLS3 mutant and treated with zinc for 10 minutes. In cells 

transfected with WT ZIP7, there was a low CREB (S133) level in untreated conditions, which 

was significantly increased after 10 minutes of zinc treatment (Figure 6.16a). Cells transfected 

with NLS3 mutant showed a low CREB (S133) activation when untreated and then increased 

slightly after 10 minutes of zinc treatment with no statistically significance (Figure 6.16b). 

Figure 6.15 AKT activation upon ZIP7 mediated zinc release. 

MCF-7 cells transfected with wild type ZIP7 or NLS3 and then treated with zinc for 10 minutes and 
the cell lysates were analysed by western blot. Phospho-AKT (pAKT), V5 and GAPDH antibodies 
were used to probe the membrane.  Protein bands of pAKT (60 kDa), V5 (53kDa) and GAPDH (35 
kDa) are demonstrated. Densitometric data was normalised to V5 and demonstrated in relative density 
unit as mean values of n = 4 ± standard error. ∗∗ = p<0.01 
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The results are represented as a percentage of the untreated state to understand how the NLS3 

mutant response performed differently to zinc stimulation. This showed that CREB (S133) in 

only the WT ZIP7 transfected cells was significantly increased after 10 minutes of zinc 

treatment while NLS3 mutants showed an increase in the level of CREB (S133) after zinc 

treatment, but this was not statistically significant (Figure 6.16c). These results suggest the 

inability of ZIP7 NLS3 to phosphorylate CREB as usual and also suggesting that the nuclear 

localization of ZIP7 has a role in activating CREB. These findings support the hypothesis that 

nuclear ZIP7 has a role in transporting zinc into the nucleus. 
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Figure 6.16 CREB activation upon ZIP7 mediated zinc release 

MCF-7 cells transfected with WT ZIP7 or NLS3 and then treated with zinc for 10 minutes and the cell 
lysates were analysed by western blot. Phospho-CREB (pCREB), V5 and GAPDH antibodies were 
used to probe the membrane.  Protein bands of pCREB (43 kDa), V5 (53 kDa) and GAPDH (35 kDa) 
are demonstrated. Densitometric data was normalised to V5 and demonstrated in relative density units 
as mean values of n = 4 ± standard error. C, Graph represents the results expressed as percentage of 
the untreated constructs. ∗∗∗ = p<0.001 
 
 
 ∗∗∗∗ = p<0.0001 
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6.3.6.4 Effect	the	removal	of	NLS3	on	p70S6	Kinase	(T389)	and	(T421/S424)	
activation	

 

Next, the phosphorylation of p70S6 Kinase on T389 and T421/S424 was analysed. 

Phosphorylation of both sites is required for p70S6 Kinase activation276. p70S6 Kinase is 

regulated by two pathways: PI3K pathway and mTOR pathway, both of which have a critical 

role in breast cancer development281,282. Cells transfected with WT ZIP7 showed a slightly 

increased p70S6 Kinase (T421/S424) after 10 minutes of zinc treatment (Figure 6.17a). A 

previous study in our group showed that p70S6 Kinase (T421/S424) increases significantly in 

cells transfected with WT ZIP7 compared to MCF-7 cells without transfiction74, which 

explains the high level of p70S6 Kinase (T421/S424) at the basal condition in cells transfected 

with WT ZIP7. Cells transfected with NLS3 mutant also showed a slightly increased p70S6 

Kinase (T421/S424) after 10 minutes of zinc treatment (Figure 6.17b).  The cells transfected 

with WT ZIP7 and NLS3 showed a significantly increased p70S6 Kinase (T389) after 10 

minutes of zinc treatment (Figure 6.18 a and b). These results suggest that p70S6 Kinase 

(T389) is the critical residue for ZIP7 zinc mediated phosphorylation. 

 

In summary, the array data and western blot presented in this chapter demonstrate that ZIP7 

NLS mutants significantly affect ZIP7 signalling pathways, especially NLS3, which has a 

double alanine mutation. The cells transfected with NLS3 mutants have decreased ZIP7 in the 

nucleus, affecting the phosphorylation of nuclear kinases. However, there is still ZIP7 located 

in the ER responsible for transporting zinc from the ER to the cytoplasm. The nuclear 

localization signals of ZIP7 are essential for maximal activation of ZIP7, and removing those 

signals affects the downstream signaling pathways of ZIP7. 

 

 

 

 



  

 

 

 

154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 
 

 

Figure 6.17 p70S6 Kinase (T421/S424) upon ZIP7 mediated-zinc release. 

MCF-7 cells transfected with wild-type ZIP7 or NLS3 and then treated with zinc for 10 minutes and 
the cell lysates were analysed by western blot. p70S6K (T421/S424), V5 and GAPDH antibodies were 
used to probe the membrane.  Protein bands of p70S6K (70 kDa), V5 (53kDa) and GAPDH (35 kDa) 
are demonstrated. Densitometric data was normalised to V5 and demonstrated in relative density units 
as mean values of n = 3 ± standard error. 
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Figure 6.18 p70S6 Kinase (T389) upon ZIP7 mediated zinc release 

MCF-7 cells transfected with wild-type ZIP7 or NLS3 and then treated with zinc for 10 minutes and 
the cell lysates were analysed by western blot. p70S6K (T389), V5 and GAPDH antibodies were used 
to probe the membrane. Protein bands of p70S6K (70 kDa), V5 (53kDa) and GAPDH (35 kDa) are 
demonstrated. Densitometric data was normalised to V5 and demonstrated in relative density unit as 
mean values of n = 3 ± standard error. 
∗∗∗ = p<0.001 
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6.4 Chapter Summary 
 

Having discovered three potential nuclear localisation motifs in Chapter 3, alanine mutation in 

the predicted NLS were performed by Mutagenex Inc (Figure 6.1) to assess the effect of NLS 

on ZIP7 localisation and downstream effect. Immunofluorescence was performed to 

investigate the cellular localisation of the ZIP7 NLS mutants. The Immunofluorescence results 

showed that NLS mutants have the same nuclear ring and ER staining, which suggests these 

mutations have little or no effect on the nuclear localisation of ZIP7 (Figure 6.2). Further 

investigation of the NLS mutant showed that the ZIP7 NLS mutant colocalises with Lamin B, 

which is located in INM (Figure 6.3). Western blot data showed that the predicted NLS is 

essential for the maximal effect of ZIP7 as none of the NLS mutants increased significantly in 

the level of pZIP7 after 10 minutes of zinc treatment (Figure 6.5). Furthermore, phosphokinase 

arrays were performed to examine the effect of NLS on the downstream effect of ZIP7 

mediated zinc release. The arrays data showed a significant increase in ERK1/2 (T202/Y204, 

T185/Y187), AKT 1/2/3 (S473), CREB (S133), p70S6 Kinase (T389), and p70S6 Kinase 

(T421/S424) in cells transfected with WT ZIP7 and treated with zinc while in cells transfected 

with NLS3 showed a markedly low level of these kinases which all know to have a role in 

cancer progression. The data in this chapter showed that the nuclear localisation signals of ZIP7 

are essential for ZIP7 maximal activation, and removal of these signals markedly decreased in 

the downstream signalling pathways of ZIP7-mediated zinc release.  
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7. Chapter 7: Discussion 
 

Breast cancer is the most commonly occurring cancer in women and the second most common 

cancer overall283with Belgium having the highest rate of breast cancer in women283. Screening 

and diagnosis of early breast cancer are crucial to reducing the overall morbidity and 

mortality171,172. Cancer is a disease that is responsible for the uncontrolled growth and spread 

of abnormal cells. Cancer is a leading cause of death worldwide, with nearly 10 million deaths 

in 2020228. Identification of the molecular mechanism of breast cancer is crucial to its 

successful diagnosis, therapy, and prognosis. This is particularly true for aggressive types of 

breast cancer, which are still poorly understood. The main problem for the successful treatment 

of breast cancer patients is the ability of the cancer to develop resistance284. Unfortunately, the 

exact mechanism of resistance is still unclear. In recent years much has been done to develop 

a widespread chemotherapeutics strategy to treat all the different types of cancer; however, the 

overall death rate from this disease is still very high. As a result, there is an essential and urgent 

need to discover new targeted therapies that have a selective action against cancer cells and 

additionally develop more sensitive and specific biomarkers for patients with breast cancer. In 

order to understand the mechanism of cancer cells to enable proper treatment, it is essential to 

discover the signalling pathways involved in cell proliferation and apoptotic pathways 

associated with cell death. 

 

Zinc is the second most abundant metal ion in the human body and as such plays an essential 

role in many biological processes. Zinc is required for normal cell growth and development285. 

Zinc has been associated with more than 3,000 enzymes and proteins, constituting 

approximately 10% of the proteome19,286. According to the IUPAC system, zinc is the only 

metal detected in all classes of enzymes287. Therefore, zinc has an essential role in all cellular 

processes, including gene expression, signal transduction, and apoptosis6. Importantly, zinc 

acts as a second messenger as it is released from stores within minutes of an extracellular 

stimulus, leading to the activation of multiple intracellular cascades25. The role of zinc as a 

second messenger was also further confirmed specifically in breast cancer cells as zinc release 

from stores after activation of zinc transporter ZIP7 leads to activation of multiple downstream 

signalling cascades within two minutes, resulting in cell growth and invasion69,74. Therefore, 

the cellular zinc level has an important role in intracellular biological processes as its effect 
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can be observed on the time scale of minutes in contrast to zinc's transcription and DNA-

binding properties, which take hours or days to accomplish288. 

 

Dysregulation in zinc levels leads to dysfunction in many biological functions, which promotes 

a wide range of diseases such as cancer development, impaired growth, immunodeficiency, 

diabetes, and degenerative diseases289–291. So, it is essential to maintain correct zinc 

homeostasis for human health. For this reason, in the last few years, much research has 

investigated zinc biology to understand exactly how zinc is controlled in cells in order to correct 

the imbalance. Still, little is known about the function of ZIP transporters, so this project has 

focused on ZIP7 to understand the functional mechanism and cellular localization. Firstly, the 

finding that ZIP7 is phosphorylated at S275 and S276 by CK2 protein kinase 44,169 was 

expanded to investigate new potential phosphorylation sites. Secondly, the discovery that ZIP7 

has a role in driving antihormone resistance in breast cancer69,167 was expanded to investigate 

the ZIP7 expression pattern and the survival outcome of ZIP7 in clinical samples representing 

different subtypes of breast cancer. Thirdly, the discovery that ZIP7 phosphorylation resulting 

in zinc release from the endoplasmic reticulum store into the cytosol, which activates MAPK, 

PI3K and mTOR74 was expanded, and it has unveiled for the first time that ZIP7 is also located 

in the nuclear membrane resulting in the activation of nuclear pathways leading to cancer 

development. 

 

The most remarkable breakthrough of this current project was the discovery of the nuclear 

localization of ZIP7 and by mutation of the nuclear localization signals resulting in a significant 

decrease in nuclear kinases that have a known role in cancer development. This novel new 

finding could lead to benefit for breast cancer patients, especially the aggressive type of breast 

cancer, as our bioinformatics analysis showed a much higher ZIP7 expression level in breast 

tumour samples than normal samples.   

 

7.1  Overexpression of ZIP7 is a prognostic biomarker in human breast 

cancer 
 

Zinc cannot passively traverse cell membranes, so cellular zinc homeostasis is achieved 

through the function of the ZnT family (SLC30A) acting as zinc efflux transporters and the 

ZIP family (SLC39A) acting as zinc influx transporters49. ZnT transporter decrease the 
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cytosolic zinc while ZIP channels transport the zinc to the cytoplasm either from intracellular 

stores or from outside the cell. The ZIP family include four subfamilies: type I subfamily 

(SLC39A9), type II subfamily (SLC39A1-3), gufA subfamily (SLC39A11), and LIV-1 

subfamily (SLC39A4-8, 10, and 12-14)44. Intracellular zinc is regulated by different zinc 

transporters, such as ZnT2 and ZnT4, decreasing cytoplasmic zinc by sequestering zinc inside 

the lysosome, while ZIP8 works in the opposite direction by increasing the cytoplasmic zinc 

level by releasing the zinc from  the lysosome1. Other essential zinc transporters responsible 

for increasing cytoplasmic zinc include ZIP9 and ZIP13, where they localize to the Golgi 

apparatus and are responsible for zinc release from this compartment to the cytosol1. The 

primary regulator of intracellular zinc homeostasis is ZIP7 which is located in the endoplasmic 

reticulum and responsible for zinc release from the endoplasmic reticulum into cytoplasm58,292. 

The endoplasmic reticulum is considered to be the major store of zinc with the cell1,58. ZIP7 is 

phosphorylated by protein kinase CK2 on residues S275 and S276, resulting in zinc release 

from the intracellular store to the cytoplasm, which then activates signalling pathways such as 

MAPK, mTOR, and PI3K-AKT that are all known to be involved in cell survival and 

proliferation74,169. In the present study, and for the first time, ZIP7 expression levels have been 

evaluated in different cancers using comprehensive bioinformatic analysis and resulting in a 

prognostic correlation of ZIP7 with breast cancer progression. 

 

In this study, the expression level of ZIP7 was first determined in breast cancer based on 

bioinformatic analysis. The GEPIA online tool revealed a significant higher ZIP7 expression 

in many cancers compared to the corresponding normal tissue. Further investigation revealed 

that the expression of ZIP7 in the different subtypes of breast cancer was also significantly 

higher than that seen in normal tissue. Moreover, a positive association between ZIP7 

expression and cancer stage, subclasses, nodal metastasis, menopause, patient age, ER, HER2, 

basal-like, and triple-negative breast cancer status was also seen. Subsequently, Kaplan-Meier 

plotters were used to study the prognostic role of ZIP7 in breast cancer, and the results showed 

that high ZIP7 expression was associated with poor relapse-free survival (RFS), overall 

survival (OS) and distant metastasis-free survival (DMFS). These findings suggest that 

increased ZIP7 expression may be a promising prognostic biomarker in breast cancer. 

 

Many studies have shown that changes in the zinc level of tumour tissue are actually attributed 

to tissue-specific zinc dysregulation, resulting mainly from aberrant expressions of various ZIP 
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channels293. Among all the ZIP channels that have been implicated in cancers, ZIP7 has been 

most closely associated with breast carcinogenesis293. The results indicate that ZIP7 is highly 

expressed in different types of cancer tissues compared to normal relative samples, suggesting 

that controlling ZIP7 expression is essential for cancer patient treatment. The additional 

analysis demonstrates that high ZIP7 expression in breast cancer patients is positively 

associated with a worse prognosis value. According to the Oncomine cancer database, ZIP7 is 

present in over 25 common tumour types63. Recently, the ZIP7 gene was shown to play an 

essential role in the survival and growth of lung adenocarcinoma294. In a gastric tumour model, 

it was reported that ZIP7 expression was remarkably up regulated295,296. Furthermore, ZIP7 

induced cell proliferation, migration, and inhibited apoptosis in gastric cancer via activation of 

the AKT/mTOR signalling pathway297. Further confirmation of this was provided by using 

knockdown of SLC39A7 to show inhibition of cell growth and induction of apoptosis in human 

colorectal cancer cells166 and suppression of cell proliferation, migration, and invasion in 

cervical cancer 298.  In the present study, the ZIP7 gene was firstly found to be critical for the 

survival of breast cancer patients. ZIP7 mediated zinc release inhibits tyrosine phosphatases at 

physiological levels242,299which activates downstream tyrosine kinases pathways such as 

EGFR300, IGF-1R301, and Src302 that promote the aggressive behaviour of tamoxifen resistance 

breast cancer cells303. Increasing the activation level of these kinases correlated with ZIP7 

activation and an increased zinc level69 whereas silencing of ZIP7 decreased the cytosolic zinc 

level and blocked growth factor responses and inhibited cell growth69. These data linked the 

role of ZIP7 in tamoxifen resistance breast cancer293, which is reinforced by the association of 

ZIP7 expression in the Oncomine database with poor breast cancer outlook57. Additionally, 

Zinc304 and AKT305 have both been shown to phosphorylate and inhibit glycogen synthase 

kinase-3 beta (GSK-3β), a known suppressor of epithelial- mesenchymal transition (EMT)306. 

So, zinc release from the store after ZIP7 activation results in activation of AKT, which inhibits 

GSK-3β and potently contributes to cell migration. These findings support the importance of 

ZIP7 as a gatekeeper of zinc release from stores and a hub of tyrosine kinases activation in the 

cell23,169. 

 

Tamoxifen is frequently used in treating estrogen receptor positive breast cancer patients.  Most 

breast cancer patients are estrogen receptor positive and eligible for endocrine treatment; 

however, the development of resistance against endocrine therapy is an important issue that is 

a further driving force for future therapies. Interestingly, ZIP7 mRNA level increased 
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significantly in anti-estrogen resistant cell lines57 providing further evidence of a role for ZIP7 

in aggressive type of breast cancer. Estrogen receptor-positive breast cancer patients are mainly 

treated with antihormones such as tamoxifen or fulvestrant. However, resistance development 

to these drugs is a significant issue involving an altered and more aggressive breast cancer307. 

ZIP7 has been shown to be overexpressed in the tamoxifen-resistance model57 and responsible 

for increasing the cell invasiveness and mobility308. The pZIP7 level, which is the active form 

of ZIP7 when phosphorylated on residues S275 and S276, was shown to increase significantly 

in TamR cells compared to MCF-7 cells167. These data suggest that TamR cells use the zinc 

signalling pathways, controlled by ZIP7 mediated zinc release from stores, to bypass the 

inhibition provided by anti-hormone treatment. The aggressive phenotype of breast cancer is a 

term used to describe breast cancer with a poor prognosis and a higher chance of metastasis. 

Approximately 30% of treated breast cancer patients develop distance metastasis309, and these 

significantly account for 90% of breast cancer death310. So, it is essential to develop a 

therapeutic strategy to target the metastasis311,312. Understanding the effects and mechanism of 

ZIP7 in cancer may be beneficial for cancer treatment. 

 

Genotype-Tissue Expression (GTEx) and the Cancer Genome Atlas (TCGA) projects contain 

RNA sequence data of normal and cancer samples, mainly used in cancer bioinformatics 

analysis to improve the diagnosis methods and treatment of cancer patients219,220. In this 

project, different online bioinformatics prognostic tools313 were used to appraise the expression 

pattern of ZIP7 in breast cancer patients. Using Kaplan-Meier plotter survival analysis tools187 

to generate a survival analysis plot showed that patients with higher ZIP7 expression are 

associated with worse relapse-free survival, overall survival, and distant metastasis-free 

survival compared to those with low ZIP7 expression. These findings will help us understand 

the consequences of higher ZIP7 expression and develop a novel strategy for targeting ZIP7 in 

cancer patients. ZIP7 is one of the 10% of genes whose overexpression is associated with poor 

prognostic states in terms of relapse rate, mortality rate and tendency to develop lymph node 

metastasis and invasion57,63.  

 

Furthermore, in a small clinical series, ZIP7 mRNA expression level is positively correlated 

with breast cancer progression indicators, including proliferation marker Ki-67, lymph node 

spread, the epidermal growth factor receptor ErbB3, and activator of transcription 3 (STAT3)57. 

STAT3 has been well documented to be associated with breast cancer progression314. This 
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study has demonstrated that higher ZIP7 expression is associated with a worse disease 

progression and spread of tumour to the lymph node of patients. In breast cancer patients, 

tumour metastasis to axillary lymph nodes is a significant risk factor for survival outcome or 

metastatic disease315. These results together identify a potential role of ZIP7 in breast cancer 

progression and metastasis. 

 

Moreover, ZIP7 level was investigated in breast cancer tissue samples where total ZIP7 protein 

level was highly elevated in breast tumour compared to normal breast samples. Furthermore, 

immunostaining of activated ZIP7 level (pZIP7) on clinical breast cancer samples showed that 

pZIP7 level is highly expressed in breast cancer samples, especially in cells associated with 

resistance and worse progression167 which was further confirmed by elevated zinc level in 

TamR69. In the present study, therefore, ZIP7 expression was shown to be increased in 

aggressive breast cancer samples, which suggests ZIP7 can be consider as a promising 

biomarker in breast cancer. 

 

The data represented here showed that a higher levels of ZIP7 is associated with a poor 

prognosis feature of high grade cancer, which further confirmed by other study that showed a 

significant increase in pZIP7 level in the higher grade tumour167. A higher-grade tumour is 

associated with poor prognosis and endocrine resistance, which further suggests the role of 

ZIP7 in this process. pZIP7 level also had a positive correlation with  MAPK activity167 as 

pMAPK is a downstream target of pZIP774. Increased pMAPK level has been reported to be 

associated with endocrine resistant breast cancer316. A recent study in our group identified 

activated ZIP7 is driving downstream pathways such as PI3K, MAPK, and mTOR, which are 

often hyperactivated in cancer and have implications with cancer survival and proliferation317. 

These data further confirm the role of ZIP7 in breast cancer, especially related to endocrine 

resistance, a large unmet need in cancer. Furthermore, our study has also shown the correlation 

between ZIP7 expression in HER+ breast cancer patients and their survival. A previous study 

showed that tumours overexpressing HER2 receptor are more likely to be endocrine resistant 

due to the activation of growth factor pathways318 and pZIP7 is shown to be associated with 

HER2, which reinforces the evidence that the activated form of ZIP7 has a role in promoting 

the poor prognosis of breast cancer. 
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In summary, the data represented here provided a comprehensive bioinformatic analysis of 

ZIP7 in breast cancer patients that showed that ZIP7 was more expressed in breast cancer than 

normal tissues and was correlated with worse survival. ZIP7 may serve as a potential novel 

biomarker and therapeutic target for patients with breast cancer. In the future, more laboratory 

experiments and clinical trials need to be performed to validate the finding in this study further. 

 

7.2 Analysis of ER retention signals in the ZIP7 sequence 
 

ZIP7 has been reported to residue on the membrane of endoplasmic reticulum and is 

responsible for zinc release from the endoplasmic reticulum store into the cytosol which  

inhibits protein tyrosine phosphatases leading to downstream activation of tyrosine kinases, 

such as mitogen-activated protein kinases (MAPK), and driving cell survival and 

proliferation58,74,169. It is still unknown what sequence in ZIP7 is responsible for its location in 

the ER. Mutation of the four basic predicted ER retention signals present in the ZIP7 sequence 

had minimal effect on ZIP7 ER retention, leaving it predominantly localized in the ER, 

suggesting that ZIP7 could use other mechanisms for its ER localization. The endoplasmic 

reticulum (ER) is the largest intracellular compartment that extends throughout the cell, 

including the nuclear envelope. ER has a central role in the biosynthesis of lipid, steroid, 

membrane-bound and soluble proteins, and it is the main gateway of the secretory pathways209. 

Many proteins remain in the ER as a permanent resident, whereas others are exported to the 

Golgi stack for subsequent distribution to the cell surface, lysosomes, and secretory storage 

vesicles208. There is very little information available about the signals involved in the retention 

of an ER membrane protein other than that available on software prediction sites. ER-resident 

protein must possess specific signals to prevent their exit from the ER and/or to interact with 

receptors responsible for their retrieval from the Golgi apparatus208. Some ER retention 

sequences have been identified in both soluble319 and transmembrane320 ER-resident proteins. 

The best characterized ER-retention motifs are Lys-Asp-Glu-Leu (KDEL) in the COOH 

terminal sequence found in many soluble ER proteins that accumulate in the ER lumen321. 

Some proteins do not have KDEL signals, and yet they are still retained in the ER, possibly 

suggesting that they may be  bound to other proteins that have a retention signal322. Specific 

receptor proteins in post ER compartments recognize KDEL sequences to initiate the formation 

of COPI-coated vesicles, which are responsible for transporting the KDEL containing protein 

cargo from the Golgi to the ER323. Deleting the KDEL sequence in the C terminus of lysozyme 
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resulted in secretion of the mutated protein while adding the KDEL onto the C-terminus of 

lysozyme, the protein that is normally secreted, resulted in retention of lysozyme in the ER319.  

  

In the current study, four ER retention signals were identified in the sequence of ZIP7: either 

di-lysine (KK) or di-arginine (RxR) that could have a role in preventing ZIP7 to exist from the 

ER. All the predicted ER retention signals of ZIP7 occur in the cytoplasmic domains of ZIP7, 

which all could interact with a component in the cytoplasmic side of the ER membrane that 

confers ER residency. Many ER-resident mammalian and yeast membrane proteins contain 

signals in their cytosolic region, which facilitate their strict retention in the ER324–327 or  their 

retrieval from the Golgi to the ER324,328,329. Membrane proteins often contain a dibasic motif, 

either di-lysine (KK) or di-arginine (RxR), in their cytoplasmic domains, which is specifically 

responsible for the ER location208,330. One motif that is present in the ZIP7 is 163PRHR166 which 

fit the criteria of di-arginine (RXR or RR) signals331. These signals were first identified in a 

major histocompatibility complex (MHC) class 11 transport332.  An arginine containing motif 

(RXR) in the N terminus of type II membrane protein glycosidase I (GCSI) has an essential 

role in ER retention333. The RXR ER-retention/retrieval signal acts as a checkpoint for the 

surface expression of ATP-sensitive potassium channels329. The surface expression of several 

other transmembrane proteins such as GABA receptor334 and kainite receptor335,336, which 

modulates the neurotransmitter release in the brain, is also regulated by the RXR motif. There 

is another type of motif present in ZIP7, 270KEK273 and 375SKK378 of ZIP7, which is similar to 

the first identified dilysine motifs (KKX and KXK) on the cytoplasmic C terminus of 

adenoviral E3 19 kDa (E19) protein in mammals which are known to interact with COPI320,337. 

COPI is a heptameric protein complex that coats vesicles involved in retrograde protein 

transport from Golgi back to the ER338,339. Normally, the protein is brought back to the ER 

through a direct interaction between the cytoplasmic domain of the membrane cargo protein 

and coat components323. The efficiency of a di-lysine motif for ER localization of the 

transmembrane protein in cells has been described in mammals, yeasts, and plants337,340–343. 

This motif is found in a variety of cytosolic positions, including loops, at the C and N terminus 

of membrane proteins344. A cytosolic dilysine motif has been identified at the C-terminal end 

of many type I integral membrane proteins in the ER of yeast and animal cells328,345. The C-

terminal dilysine motif has been shown to mediate retrieval of type I membrane proteins from 

the Golgi to the ER in mammalian343 and yeast cells346. Delta opioid receptor, a type of G 

protein-coupled receptor, is shown to have a dilysine motif that interacts with COPI protein 
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complex to promote the retention of opioid receptors in the endoplasmic reteiculum347. The 

COPI protein retrieval process is responsible for the ER-resident proteins by recognising an 

arginine and lysine-rich sequence or a KDEL sequence344. The discovery of these motifs in 

ZIP7, which have been verified in other transmembrane proteins located in the ER, suggesting 

that they may be responsible for the ER localization of ZIP7. So, alanine mutation was 

performed in the predicted ER retention signals of ZIP7 to investigate their effect on ZIP7 ER 

localization.  

 

Mutation in the predicted retention signals of ZIP7 did not alter the ER localization of ZIP7, 

which suggests that ZIP7 could use other mechanisms to enable it to remain in the ER. Sec12p 

is a type II transmembrane glycoprotein that is mainly localized in the ER at a steady state325. 

ER localization of Sec12p involves two different mechanisms: static retention in the ER and a 

dynamic retrieval from the Golgi325. Transmembrane domain (TMD) regions of Sec12p have 

been shown to have a role in its ER localization in addition to its NH2-terminal cytoplasmic 

domain325. In addition, removal of the double lysine motif from a mammalian endogenous ER 

enzyme (UDP-glycurosyl transferases) does not result in the loss of ER retention343. This 

evidence suggests that the correct localization of ER membrane proteins may involve more 

than one mechanism, suggesting that ZIP7 could use another mechanism as well as the 

predicted ER retention signals to remain in the ER. ZIP7 contains eight transmembrane 

domains, and the TMD alone can localize the protein to the ER quite efficiently325. At the same 

time, the cytoplasmic domain can retain most of the molecules in the ER, which suggests that 

ZIP7 might use the TMD for retention in the ER membrane. The hydrophobic segment of the 

transmembrane domain with more than ten amino acid residues has been shown to be necessary 

to prevent the protein translocation almost completely348. It has been shown that increasing the 

length of transmembrane domains can disrupt ER retention of some proteins349–351. Inserting 

transmembrane segments of an integral membrane protein into a secretory protein cause the 

modified protein to remain in the ER membrane and not translocate from the ER membrane352. 

It has been suggested that proteins localized in the ER which do not have positive sorting 

signals,  use their TMD sequence to interact with the lipid bilayer which enables retention in 

the ER351. It is interesting to speculate that this may be the case for ZIP7 as alanine mutation 

in the predicted ER retention signals did not interfere with the ZIP7 ER localization. Generally, 

the transmembrane segment consists of non-polar, hydrophobic amino acid residues353,354, and 

in many cases these are followed by positively charged amino acid residues355–357 as the 
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charged residues prevents transfer to other locations348. Transmembrane segments of an 

integral membrane protein has been demonstrated to stop the protein translocation from the ER 

membrane by anchoring the protein in the lipid bilayer 348. The internal hydrophobic sequences 

in the transmembrane domain act as a signal sequence to keep an integral protein in the ER 

membrane354. These studies provide further examples confirming that ZIP7 could rely on its 

transmembrane segment to localize itself in the ER and not the predicted ER retention signals. 

Also, there is evidence that signals in the cytosol and the luminal part of the protein could 

coexist in the same membrane protein for their retention in the ER membrane333. Some ER-

resident proteins do not have ER retention signals; however, they can indirectly be retained in 

the ER by interactions with some ER-resident proteins such as luminal chaperones, including 

BiP and calnexin and calreticulin358, which could be another mechanism of ZIP7 localization 

in the ER which needs further exploration. 

 

7.3 The long cytoplasmic/nucleoplasm domain of ZIP7 contains multiple 

nuclear localization signals 
 

ZIP7 is located in the endoplasmic reticulum and is responsible for zinc release from stores to 

the cytoplasm to activate many signaling pathways that have a role in cancer74. However, this 

study for the first time has found that ZIP7 is also located on the nuclear membrane which 

suggests that ZIP7 not only transports zinc into the cytoplasm but also into the nucleus which 

could activate many nuclear kinases that also have a role in cancer development. Many 

researchers have shown the mechanism of transport of soluble molecules into the nucleus; 

however, much less is known about the mechanism of targeting integral membrane proteins 

into the inner nuclear membrane. It is important to know the exact mechanism of transfer, and 

the function of INM proteins as any alteration in their expression and structure may lead to 

cancer and nuclear envelopathies as evidenced by the following nuclear proteins. Lamina-

associated polypeptide 2, Lap2b, is over-expressed in digestive tract cancers359. Mutation in 

Lamin B receptor, causes both Greenberg dysplasia, which leads to abnormal embryonic 

development360  or Pelger-Huet anomaly which is characterized by abnormal nuclear shape and 

chromatin organization in blood granulocytes361 Mutation in emerin cause Emery-Dreifuss 

muscular dystrophy362,363. 
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The nuclear envelope (NE) is a membrane system consisting of outer and inner nuclear 

membranes (ONM and INM) separated by a lumen364. The ONM, which is continuous with 

the ER, is facing the cytoplasm and covers all the nucleus except the areas where the nuclear 

pore complex are inserted364 The INM and ONM contain unique sets of membrane proteins 

called NETs (nuclear envelop transmembrane proteins, which include the lamin B receptor365 

and the lamina-associated polypeptides 1 and 2 (LAP1 and LAP2)366,367. Over 100 

transmembrane proteins are found in the INM, of which only a relative few have been 

characterized368–371. Integral membrane proteins of the inner nuclear membrane (INM) are 

positioned in the ER after their synthesis and then transported to their destination, which is the 

INM. In order for a protein to be located in the INM, the integral membrane protein needs to 

be transported through four continuous membrane domains. This membrane protein will move 

from the ER to the outer nuclear membrane, then to the highly curved membrane of the nuclear 

pore, and finally to the INM. The binding of an inner nuclear membrane protein to a nuclear 

ligand is required for their retention and unique inner nuclear localization372. Many INM 

proteins contain nuclear localization signals, but it is still unclear if these are essential for INM 

targeting because mutation or deletion of these signals does not always affect the localization, 

which suggests another feature contributes to INM transport373,374. SUN2 is an integral INM 

protein that relies on several sorting signals present in its sequence and also on its N terminal 

and C-terminal to mediate targeting to the INM374. Many INM proteins have essential functions 

in genome regulation375–377 and therefore it is crucial to understand the trafficking mechanisms 

of transmembrane proteins into the nuclear compartment. Imaging ZIP7 in MCF-7 cells has 

suggested that not only is ZIP7 present in the ER, but it is also located on the INM. ZIP7 is 

expected to be orientated on the INM so that it was able to transport zinc from the ER store 

into the nucleus. To date, no ZIP transporters have been located in the nucleus, however, there 

is much zinc in the nucleus which is required for DNA zinc fingers and transcription factor 

binding to the target gene, especially in cancer. Understanding how ZIP7 is targeted to the INM 

and its effect on nuclear kinases is crucial to treat cancer. Trafficking of soluble proteins 

between the cytoplasm and the nucleus has been well studied and accrues through the central 

channel of the NPC378–380, while trafficking of nuclear envelope transmembrane (NET) proteins 

into the nucleus remains in dispute368,381–385. 

 

The nuclear pore complex (NPC) is a large, multimeric structure that acts as a permeability 

barrier between the cytoplasm and nucleoplasm386. NPCs have been the primary mechanism 
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for nuclear translocation of NETs for over 20 years ago387,388. There are two NPC-dependent 

mechanisms: free lateral diffusion retention and nuclear localization signal (NLS) dependent 

mechanism (Figure 7.1)84,389,390. Both of these mechanisms require that NETs stay embedded 

in the membrane391. So, while ZIP7 is located in the ER, its long loop between TM3 and TM4 

is located in the cytoplasm, however, when ZIP7 is on the INM it would be expected that the 

long loop will be located in the nucleoplasm, and this could have a role in shuttling ZIP7 from 

the ER to the INM. ZIP7 could freely diffuse from the ER to the INM using the peripheral 

channel of the NPC (Figure 7.1). The peripheral channels are between the core NPC structure 

and the pore membrane shown by cryoelectronic microscopy ~10 nm in diameter392,393. The 

nucleoplasm domain of an INM located protein should be <60 kDa to enable it to pass through 

the peripheral channel of the NPC372,382. The translocation of the membrane protein through 

this pathway depends on the nucleocytoplasmic domain size, independently of whether it 

contains any NLSs or not. This process does not involve any energy dependant step in the 

targeting pathways. Several INM proteins use this model, including LAP1254, LAP2254,381, 

MAN1394, emerin395, and LBR381,396,397. Other NETs have also been shown to have nuclear 

localization signals in their nucleoplasm domain which is essential for their trafficking to the 

INM by allowing them to use transport receptors. However, the transport receptors are too big 

to fit through the peripheral NPC channel, so it has been shown to facilitate NET transport 

using the central channel of NPC398–400. 
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Subcellular localization of proteins can depend on their sorting or targeting signals, consisting 

of short stretch(es) of amino acids. Many of the protein localization mechanisms that rely on 

such signals have been identified using different predictors that recognize the wide variety of 

protein sorting signals401. Nuclear proteins are transported into or out of the nuclei through the 

NPC by importin-β (Imp β), which can recognize specific targeting signals on cargo proteins402. 

The NPC acts as a gate to allow transport molecules into the nucleus403. The NLSs are grouped 

into monopartite and bipartite signals404. A monopartite NLS is characterized by a single stretch 

of basic residues, while bipartite NLSs has two clusters of basic residues separated by a space 

region of 10-12 amino acids405,406. Different online prediction methods have been used in this 

study, such as Nucpred214, cNLSmapper211, NLStradamus213, NucImport407, SeqNLS215 to 

detect the NLSs of ZIP7, to understand by which mechanism ZIP7 is translocated to the INM. 

Computer analysis of the ZIP7 sequence revealed that ZIP7 has three nuclear localization 

signals: two monopartite NLSs and one bipartite NLS separated by 19 amino acids, all of which 

are in the nucleoplasm domain. The presence of these nuclear localization signals in ZIP7 may 

suggest that in order to move to the inner nuclear membrane ZIP7 uses an active transport 

mechanism and uses transport factors such as karyopherin, which will bind to the NLS and 

facilitate the shuttle of ZIP7 through the NPC (Figure 7.1). The central channel of the NPC 

Figure 7.1 Proposed ZIP7 translocation mechanism into the nucleus. 

The first proposed mechanism involves the free diffusion of ZIP7 from the ER to the INM using the 
peripheral channel of the NPC. The second proposed mechanism involves ZIP7 using an active 
transport mechanism which uses transport factors such as karyopherin which will bind to the NLS and 
facilitate the shuttle through NPC. 
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contains a nucleoporin containing phenylalanine-glycine (FG)-rich repeat, which promotes 

receptor-mediated transport of cargo containing nuclear import signals. Soluble cargo can go 

to the nucleus through the central channel of the NPC, while INM proteins must cross the pore 

close to the pore membrane. Ultrastructural analysis of NPCs has shown that the central 

channel of the NPC is approximately 50 nm while the lateral channel is a smaller size of 

approximately 10 nm in diameter408. If ZIP7 uses a receptor-mediated nuclear import pathway, 

then ZIP7 may use the central and lateral NPC channel to get transported into the INM. The 

three predicted NLS sites of ZIP7 are all in the cytoplasmic loop region between TM3 and 4. 

Moving ZIP7 through the side of the pore membrane will allow its NLS to be extended through 

the sideward opening of the lateral channel. The FG-Nups encode multiple phenylalanine and 

glycine (FG)-repeats that act as binding sites for soluble transport factors (Kaps)100. There are 

studies that suggest that NLS containing proteins use receptor-mediated translocation through 

the central channel of NPC409. Examples of this are how depletion of importin α and importin 

β prevent the nuclear localisation of Heh1 and Heh2410 and also how SUN, which is an INM 

protein is found to bind to importins374. 

 

All this evidence suggests that the predicted NLS sites of ZIP7 could play a role in transporting 

ZIP7 from the endoplasmic reticulum into the inner nuclear membrane. The newly discovered 

NLS sites of ZIP7 fit the general criteria for nuclear targeting sequences which is to have a 

single or two clusters of a positively charged amino acid (arginine, R or lysine, K). In the 

monopartite NLS, short basic clusters such as (PKKKRKV) resemble the NLS of the simian 

virus 40 (SV40) protein which is responsible for directing the protein to the cell nucleus106. 

INM proteins Src1/Heh1 and Heh2 (orthologs of mammalian MAN1 and LEM2) have NLS 

sites that bind to importin a/ β to facilitate nuclear translocation and deletion of these NLS sites 

cause a mis-localization and accumulated in the ER385. The bipartite motif is characterized by 

two clusters of 1-3 positively charged amino acids separated by a linker411. The linker is usually 

ten amino acids, but it could be as high as 37 residues in the case of an adenovirus DNA binding 

protein412. The lamin B receptor is a protein that contains eight transmembrane domains and is 

located on the endoplasmic reticulum and INM. The nucleocytoplasmic domain of this inner 

nuclear membrane protein plays a major role in targeting the inner nuclear membrane and must 

fit through the lateral channels of the nuclear pore complex. The lamin B receptor contains a 

bipartite NLS, consisting of two basic segments (from Arg 63 to Arg79 and from Arg 93 to 

Lys 108) in its N-terminal nucleoplasm domain413,414. Increasing the size of the 
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nucleocytoplasmic amino-terminal of lamin B receptor to 70 kDa actually prevented its nuclear 

localization372, confirming the size restriction for this type of transport into the nucleus. The 

predicted nuclear localization signals of ZIP7 are located in the long cytoplasmic loop between 

TM3 and TM4. This long cytoplasmic loop is predicted to be located in the nucleus after 

targeting to the INM. According to Protein Molecular tools from Expasy, the size of the 

nucleocytoplasmic domain of ZIP7 is 8.82 kDa. To examine this mechanism, it would be 

possible to make a ZIP7 chimeric construct with nine copies of this ZIP7 nucleocytoplasmic 

domain, which would increase the size to be above the diffusion limit. If the theory was true, 

then this increased size in ZIP7 would prevent its nuclear location. 

 

Knowing that ZIP7 has three predicted NLS sites, we further investigated these regions by 

mutating the key residues to alanine. The immunofluorescence results show that the NLS ZIP7 

mutants have the same ER and nuclear ring localization as WT ZIP7, which means that these 

mutants still have access to the INM. Many INM proteins contain NLS sites, but in most cases, 

it is still unclear if these NLS regions are essential for INM transport as their mutation or 

deletion does not always seem to affect the nuclear localization, suggesting that there are 

additional features that contribute to INM targeting373,415. However, a recent study showed that 

loss of NLS sites in the lamin B receptor reduced its transport rate to the INM and changed the 

transport mechanism from the central channel of the NPC to the peripheral channel which still 

allowed it to be localized on the INM391. Immunofluorescence of the ZIP7 mutants with 

removed NLS sites suggested that ZIP7 still has access to the INM, however it might be at a 

reduced rate as it may have to use the peripheral channel of NPC instead of the central channel. 

The peripheral channels of the NPC are essential for INM transport as blocking this channel 

by using an antibody to the region of the transmembrane nucleoporin gp210 (anti-gp210)382 

completely inhibits the lamin B receptor transport through both the central and peripheral 

channel of NPC391. Inhibition of the central channel of NPC has been achieved using 

microinjection of wheat germ agglutinin (WGA), a lectin that has been shown to bind O-

glycosylated nucleoporins and dramatically reduce the transport through the central 

channel382,416,417. Blocking the central channel by this mechanism prevented the lamin B 

receptor from using its normal route to the INM through the central channel, however it used 

the peripheral channel with a higher density diffusion rate391. Single-molecule fluoresce 

recovery after photobleaching (smFRAP) is a new technique that provides quantitative 

information about the distribution and translocation rate of INM proteins in live cells263. It 
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would be important to use this technique to investigate the distribution of ZIP7 in INM and 

ONM. 

 

Another proposed mechanism of how ZIP7 could translocate into the inner nuclear membrane 

could be during mitosis. During mitosis, the cells undergo structural changes, including 

chromosomal condensation, nuclear envelope breakdown and disassembly of the nuclear pore 

complex, lamins, and inner nuclear proteins82. In late Telophase, the last event of mitosis, the 

nuclear envelope membrane starts to reform from the existing endoplasmic reticulum where 

ZIP7 is located82.  An in vivo study showed that the binding capacity of INM proteins to 

chromatin drive the spreading of the ER and collaborate to allow the rapid formation of the 

nuclear envelope at the end of mitosis and this was confirmed by knockdown of any part of the 

INM  delaying the formation of NE418. The location of ZIP7 in the ER would be ideal to allow 

it to be included in the new INM as it was reformed at the end of every mitosis cycle. This 

possibility is consistent with ZIP7 being localised to both the ER and the INM without the real 

need for any specific nuclear localisation signals and therefore may explain why little 

difference was observed when these NLS motifs in ZIP7 were removed. Furthermore, this 

would mean that ZIP7 was not only capable of transporting zinc from the ER into the 

cytoplasm, but also from the ER into the nucleus. This fact alone may explain why ZIP7 has 

such an important role to play in driving aggressive cancers such as tamoxifen resistant breast 

cancers as it is able to bring about signalling changes in the nucleus with ease. 

 
7.4  Zinc and its role in the nucleus 
 

ZIP7 is located in the ER and is phosphorylated by CK2, resulting in zinc release from stores, 

which activates many downstream signalling pathways known to have a role in breast cancer 

development58,69. For the first time, this study has shown that ZIP7 is also located on the nuclear 

membrane as well as the ER and could be responsible for zinc release into the nucleus. This 

location of ZIP7 would be consistent with its ability to transport zinc from the ER lumen into 

the nucleus, where it could be used to regulate the structure and function of the genome419. 

Transcription factors play a central role in regulating the gene expression420 and , according to 

DNA binding studies, most of the transcription factors are categorized into classical zinc finger 

containing proteins (ZNFs), which play an essential role in regulating their gene expression421–

423. Different types of zinc finger motifs have been shown to have a diverse role in gene 
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expression which control apoptosis, proliferation, differentiation, migration, and invasion420. 

Targeting the expression or activity of zinc finger proteins that have a role in cancer progression 

through decreased zinc levels could be a new therapeutic strategy against cancer development. 

 

Different families of “zinc finger” proteins contain multiple cysteine and/or histidine residues 

that use zinc to stabilize their fold424–426. Proteins containing the classical Cys2His2 zinc finger 

are among the most abundant in eukaryotic genomes, which were used for protein-DNA, 

protein-RNA, and protein-protein interaction21,427,428. Thymidine kinase is often used as a 

marker of cell proliferation which is markedly increased during the G1 and early S phase of 

the cell cycle429. Although thymidine kinase is not a zinc metalloenzyme, zinc does regulate its 

transcription through zinc-dependent protein binding to the promoter region of the gene430. 

Several studies have reported that zinc depletion in tissues caused a reduction in the activity of 

DNA polymerase and thymidine kinase431–434. Histochemical observation has shown that the 

cell nucleus, nucleolus, and chromosomes all contain zinc435. 30% to 40% of cellular zinc is 

localized in the nucleus whereas 50% is in the cytosol and cytosolic organelles436. 

 

Zinc influences gene expression through transcription factors containing zinc finger 

domains419. Metal response element binding transcription factor-1 (MTF-1) is one of the zinc-

activated transcription factors that induce metallothionine in response to cellular zinc437. MTF-

1 is a six-zinc finger protein that can bind to free cytoplasmic zinc and translocate to the nucleus 

to increase the expression of metallothionein (MT)437. MT is essential in regulating the cellular 

zinc level and the nucleolar translocation of zinc in the cell cycle and differentiation24. The 

cellular free zinc level is very low because it is mainly bound to MT, which donates zinc to 

enzymes61 and zinc finger-domain transcription factors438. MT is a small cysteine-rich protein 

found primarily in the cytoplasm; however, it is translocated into the nucleus when a higher 

zinc level is required for DNA synthesis. MTF-1 is located in the cytoplasm in untreated mouse 

Hepa cells; however, increasing the level of zinc in the culture medium promotes its rapid 

translocation to the nucleus to enable it to activate the DNA binding activity of MTF-1437. 

Cytoplasmic zinc binding to MTF-1 allows its translocation to the nucleus to increase its DNA 

binding activity437.  A zinc-MTF-1 complex binds to a metal response element (MRE) in the 

promoter region of the MT gene to induce MT gene expression437. Nuclear translocation of MT 

into the nucleus was observed during the early S-phase of growth factor-stimulated primary rat 

hepatocytes439 and in certain tumours such as thyroid tomours440 and bladder tumours441. These 
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data provide evidence for a role of MT in trafficking zinc from the cytoplasm into the nucleus 

to activate gene expression. 

 

Taking the above aspects together highlights the critical role of zinc in the nucleus, which has, 

until now, not been attributed to any zinc transporter. MT acts as a supplier for the transfer of 

zinc to nuclear proteins; however, MT requires upregulation by gene expression, so it cannot 

respond quickly to signalling events. This discovery that ZIP7 could transport zinc into the 

nucleus allows the nuclear zinc level to rise in seconds or minutes which is consistent with the 

ability to alter signalling pathways rapidly. This control of the zinc level in the nucleus will be 

important in normal cell conditions but also a problem if altered in diseases such as cancer. 

 

7.5 ZIP7 signaling is involved in diverse kinase signaling pathways 
 

ZIP transporters are mostly localized to the plasma membrane to transport zinc into cells from 

the extracellular space, however, ZIP7 is located in the ER and is responsible for the transport 

of zinc from the ER to the cytoplasm44,58,158. The unique ER localization of ZIP7 enables it to 

play an essential role in regulating intracellular zinc levels, which has an important potential 

role in growth factor signalling.  ZIP7 has already been implicated in cancer growth as it has 

been demonstrated to activate MAPK, PI3K-AKT and mTOR pathways74. Using phospho-

kinase arrays has confirmed the activation of AKT and ERK1/2 in response to ZIP7 activation 

which was amplified by zinc treatment. CK2 phosphorylates ZIP7 on residues S275 and S276 

within 2 minutes of a stimulus resulting in ZIP7 activation and zinc release from stores into the 

cytosol169. This released zinc can inhibit protein tyrosine phosphatase activity resulting in 

prolonged activation of tyrosine kinases241. Cytosolic zinc released by ZIP7 has been shown to 

activate tyrosine kinase pathways in MCF-7 and tamoxifen-resistant cell lines, allowing 

stimulation of cell growth, cancer progression, and cell invasion63,69. ZIP7-mediated zinc 

release activates EGFR300,  IGF-1R301, and Src302, which all promote the aggressive behaviour 

of breast cancer cells that have tamoxifen resistance, which links ZIP7 to the mechanism of 

acquired tamoxifen resistance in breast cancer. Targeting ZIP7 in breast cancer could prevent 

inhibition of tyrosine phosphatases, decreasing the activation of tyrosine kinases and allowing 

normal cell signalling pathway activation. 
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7.6 ZIP7-mediated zinc release causes AKT and CREB phosphorylation 
 

AKT442 and ERK1/2278 pathways have been shown to be involved in the growth and 

proliferation of cancer. PI3K/AKT pathways are the most frequently mutated pathways in 

human cancer with are associated with tumorigenesis, drug resistance, and cancer 

progression443. AKT is one of the major downstream effectors of PI3K444. AKT is 

phosphorylated at Thr308 by PDK1 and at Ser473 by mTORC2 for the full activation of the 

enzyme443 (Figure 7.2).  Increased AKT kinase activity has been reported in a broad range of 

human cancers, including breast445–447, prostate448,449, gastric450, ovarian449,451,452, pancreas453, 

and leukaemia454, and its activation has been shown to correlate with advanced disease and/or 

poor prognosis.  AKT phosphorylates many cellular proteins that have a role in cell survival 

and cell cycle progression, such as GSK-3α/β455. AKT can phosphorylate and inactivate 

glycogen synthase kinase GSK-3β (S9) and GSK-3α (S21)116 which has a role in many 

signalling pathways. Inhibition of GSK-3β promotes cell survival while hyperactive GSK-3β 

contributes to cell death456–459. Dysregulation of GSK-3 activity is associated with many 

diseases, including cancers, and causes resistance to chemotherapy and radiotherapy460. GSK-

3α/β is overexpressed in many tumours such as liver, ovarian, pancreas, and colon461–463. GSK-

3 is known to drive cell proliferation by regulating the stability and synthesis of proteins 

involved in cell cycle entry464–467. GSK-3 is a potential therapeutic target in cancer that is 

resistant to treatment in ovarian carcinoma cells468, renal cell carcinoma469, and prostate 

cancer470. In addition, activated AKT phosphorylates mTORC1 which results in increased 

protein synthesis and cell survival by phosphorylation of p70S6 Kinase on residue threonine 

389, which has a role in protein synthesis, cell growth, and survival through phosphorylation 

of ribosomal protein S6471 (Figure 7.2). AKT has been shown to phosphorylate the 

transcription activator CREB, which is known to play an essential role in prostate 

carcinogenesis472 (Figure 7.2). This evidence indicates that AKT activates several signalling 

pathways that are linked to tumorigenesis. The results presented in this thesis strongly suggest 

that ZIP7 activation can lead to AKT phosphorylation in a breast cancer cell line, which 

explains its role in driving cell proliferation and survival. Alteration in the PI3K/AKT/ mTOR 

pathway is strongly implicated in cancer pathogenesis and targeting the upstream effector that 

activates this pathway (ZIP7) is a promising therapeutic approach. 
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Using phospho-kinase arrays in this thesis showed that multiple kinases were phosphorylated 

due to ZIP7 mediated-zinc release from stores. Serine 473 phosphorylation of AKT is a major 

early event in the cellular response ZIP7 activation169. Activation of the PI3K/AKT/mTOR 

pathway is seen in a wide variety of cancers, and it regulates essential cellular functions, 

including cell metabolism, migration, growth, survival, and angiogenesis473. Activation of 

PI3K/AKT/mTOR pathways is common in breast cancer and associated with resistance to 

endocrine and chemotherapy therapy474. Blocking this pathway could inhibit the proliferation 

of tumour cells, and several inhibitors are currently available such as everolimus, an oral 

mTOR inhibitor that has been approved for use in post-menopausal women with hormone 

receptor-positive breast cancer; it is also approved for use in other cancers, including renal cell 

carcinoma, and neuroendocrine tumours of the pancreas474. However, the use of these 

inhibitors is associated with a wide spectrum of adverse effects and resistance because the PI3K 

pathway involves a complex network of interactions with parallel cascades and its inhibition 

causes negative feedback resulting in activation of compensatory signalling pathways473. So, 

inhibiting ZIP7, upstream target of PI3K/AKT/mTOR in combination with endocrine therapy 

or with another single agent such as PI3K inhibitor in breast cancer may be possible to optimise 

the efficiency of cancer therapy by decreasing cell proliferation and enhancing cell death. 

 

Transcription factors are key regulators of gene expression that have a critical role in cell 

proliferation, survival, and invasion. The function of transcription factors is mainly regulated 

through phosphorylation. cAMP-regulatory element-binding protein (CREB) is an oncogenic 

transcription factor, activated through phosphorylation of serine 133 by several kinases 

including AKT and ERK1/2273,472 (Figure 7.2). The results presented in this thesis showed that 

ZIP7-mediated zinc release from stores activates AKT and ERK1/2, which activates CREB, 

highlighting the role of ZIP7 in activating CREB that plays an essential role in malignant 

cellular behaviour. Of additional relevance is the fact that CREB often locates to the nucleus 

and due to the location of ZIP7 on the nuclear membrane, ZIP7 may be particularly well placed 

to activate CREB signalling. 

 

Alteration in the function and expression of transcription factors such as CREB may occur as 

a central component of the molecular pathogenesis of a tumour, and inhibition of these 

transcription factors could reduce the malignant behaviour of many tumour types. CREB 

overexpression has been shown to be associated with tumour progression, metastasis, 
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chemotherapy resistance, and poor prognosis for cancer patients475. Immunohistochemical 

analysis of prostate and bone cancers showed that p-CREB staining was detectable in all the 

poorly differentiated prostate cancers and bone metastatic tissues specimens, suggesting that 

CREB is critically involved in tumour progression and metastasis476. In addition, increased 

CREB mRNA levels were detected in breast cancer tissues compared to normal mammary 

tissues and the level of the expression was correlated with disease progression and survival477. 

The results presented here indicate that ZIP7-mediated zinc release activates CREB. Given the 

role that CREB plays in carcinogenesis, inhibition of CREB through inhibition of the upstream 

pathways that activate it, provides ZIP7 as a potential therapeutic target in cancer. 

 

Depletion of intracellular zinc is associated with the downregulation of CREB in hippocampal 

neurons478. CREB promotes cell growth and tumour angiogenesis in metastatic melanoma cells 

and silencing CREB shows suppression in tumour growth and metastasis479,480. Also, CREB 

level have been shown to link to tumour stage, clinical outcome, and metastasis of gastric 

cancer481. A high CREB expression level was observed in glioma, which highlighted the role 

of CREB as a transcription factor required for cancer cell proliferation, migration, and 

survival482–484. Several studies suggest that CREB promotes cell survival by upregulating the 

expression of anti-apoptotic proteins such as bcl-2485–488. ZIP4 overexpression in pancreatic 

cancer cells results in CREB phosphorylation, leading to increased cyclin D1 and, thereby, cell 

proliferation and tumour progression161. This evidence suggests that CREB plays a key role in 

mediating the malignant behaviour of tumour cells and that the successful targeting of CREB 

is a potential therapeutic consideration. CREB is involved in neoplastic transformation, so its 

inhibition becomes a potential therapeutic strategy for cancer475. 

 

Knowing the molecular mechanisms involved in CREB expression and regulation will lead to 

therapeutic targets that inhibit the activity of CREB in cancer. Multiple Ser/Thr protein kinases 

could phosphorylate CREB, so the use of kinase inhibitors to inhibit CREB phosphorylation 

could potentially be used in cancer therapy. This study showed that ZIP7 overexpression 

caused increases in AKT and ERK1/2, which activated CREB resulting in increased cell 

proliferation and tumour progression of breast cancer. These results identified a new 

downstream target of ZIP7-mediated zinc release, which is CREB. 
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7.7 Removal of the nuclear localization motifs from ZIP7 reduces the 

activation of AKT and CREB  
 

This study has found that ZIP7 is located on the nuclear membrane and could transport zinc 

into the nucleus and activate many nuclear kinases that have a role in cancer development. 

Nuclear protein kinases have an essential role in regulating cellular proliferation489. In cancer, 

these nuclear kinases are often dysregulated and cause uncontrolled cell proliferation and 

growth490. It is necessary to develop a novel therapy that targets these nuclear kinases that have 

a role in cancer progression. In this study, three predicted NLS sites of ZIP7 have been 

identified, located in the long cytoplasmic/ nucleoplasmic loop that could have a role in 

trafficking ZIP7 to the INM. To investigate the role of these NLS signals on ZIP7 activation 

Figure 7.2 Downstream signalling pathways of ZIP7 mediated zinc release 
 

ZIP7 is activated by CK2 phosphorylation on two serine residues on the long intracellular loop 
between TM3 and TM4. Phosphorylated ZIP7 results in zinc release from the ER into the 

cytosol and nucleus which activates several downstream signalling pathways that are known 
to be involved in cancer development. Red boxes are the key kinases that ZIP7-mediated zinc 

release activates.  
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and downstream effect, human phospho-kinase arrays were carried out using cells transfected 

with ZIP7 NLS mutants and treated with zinc for up to10 minutes. The cells transfected with 

NLS3 mutant showed a lower level of AKT (S473) and CREB (S133) than cells transfected 

with WT ZIP7, suggesting the role of nuclear located ZIP7 in the activation of AKT and CREB. 

 

The serine/threonine kinase AKT has a vital role in regulating many cellular functions involved 

in cell proliferation, survival, autophagy, metabolism, and angiogenesis491. Dysregulation of 

AKT activity has been reported in many diseases, including cancer492. AKT is known to 

function mainly in the cytoplasm, but also AKT has been reported to translocate to the nucleus 

in many cell types493. The presence of active and phosphorylated AKT in the nucleus was 

reported in the 1990s493. The FOXO family of transcription factors494 and transcription 

coactivator p300495 are both substrates of AKT and are all located in the nucleus. All the 

machinery that is necessary for AKT activation by phosphorylation at threonine 308, including 

PI3K496, PIP3497, and PDK1498,499 (Figure 7.2), is also located in the nucleus. Moreover, 

mTORC2 is localized in both the cytoplasm and nucleus500 and it has been hypothesized that 

it too could phosphorylate nuclear AKT at serine 473 in neoplastic thyroid cells501. This data 

together suggests that AKT interaction with those signalling components in the nucleus may 

be as dynamic in the nucleus as it is already known to be in the cytoplasm.  

 

Nuclear AKT is involved in cell cycle progression, cell survival, DNA repair, cell 

differentiation and tumourigenesis493. The presence of nuclear AKT has been reported in many 

cancers such as in breast502, lung503, thyroid, and prostate cancer504, as well as in acute myeloid 

leukaemia505,506. Moreover, nuclear AKT has been associated with invasion and metastasis of 

human thyroid cancer tissue507. In melanoma cells, both phosphorylated and unphosphorylated 

AKT were shown to be present in the nucleus 508. The nuclear AKT could be used as an 

indicator of prostate cancer prognosis because it is increased during the progression from 

normal tissue to low grade prostatic intraepithelial neoplasia504, a neoplastic growth of 

epithelial cells within pre-existing benign prostatic ducts509. Furthermore, in prostate cancer 

the extent of AKT nuclear localization correlates with the Gleason score, which is the most 

potent predictor of tumour progression after prostatectomy510. Moreover, nuclear AKT 

increases in invasive carcinoma, including glioblastomas511 and head and neck carcinoma cell 

lines512. The current study suggests that ZIP7 is located in the nuclear membrane and 

interestingly, when cells were transfected with the NLS3 mutant of ZIP7, there was a 
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significant reduction in the level of pAKT (S473). These data together demonstrate the 

importance of nuclear AKT, especially in driving cancer growth and development and 

additionally the nuclear localization of ZIP7 may play an important part in the activation of 

nuclear AKT. 

 

AKT is capable of directly phosphorylating cyclic AMP-response element-binding protein 

(CREB) at Ser133472 (Figure 7.2). The lower level of activated AKT observed in cells 

transfected with the ZIP7 NLS3 mutant was also followed by a low pS133CREB level compared 

to cells transfected with WT ZIP7. Genome-wide screening for the CREB binding site showed 

that over 4000 genes involved in uncontrolled cell proliferation and tumorigenesis, might be 

controlled by CREB513. This result suggests that pS133CREB overexpression is promoting 

tumour initiation, progression, and metastasis514. Therefore, pS133CREB inhibition and 

downregulation is a potential therapeutic target for cancer. Currently, there are two strategies 

to inhibit CREB. The first, named “CREB inhibitors” directly affect CREB transcriptional 

activity through inhibition of CREB:CBP (CBP, CREB binding protein) or CREB:CRE-DNS 

interaction (CRE, cAMP response element)514,515. The second, named “CREB-related 

pathways inhibitors” inhibit the signalling pathways that include CREB as a final effector514,515. 

In this study, the results suggest that nuclear ZIP7 can activate different pathways that all have 

pS133CREB as their final effector. Mutation of ZIP7 NLS sites causes a decrease in the 

activation of pS133CREB which would be expected to decrease cell viability, growth properties 

and enhance apoptosis.  

 

AKT activation is essential for glucose metabolism516. The next generation AKT inhibitor, 

which is MK-2206 that inhibits AKT in adipocytes mainly develops complications such as 

insulin resistance, which may lead to an increased risk of diabetes517. MK-2206 is an orally 

AKT inhibitor under development for treating solid tumours517. These findings highlight the 

importance of regulating the cellular level of AKT to selectively block the increase of nuclear 

AKT. This study provides the first evidence that ZIP7 in the nucleus has an essential role to 

activate AKT and this was discovered by transfecting the cells with ZIP7 NLS3 and noticing 

the subsequent reduction in the level of nuclear pS473AKT and pS133CREB. Therefore, ZIP7-

mediated zinc signalling in the nucleus is an interesting target for cancer treatment which could 

potentially prevent activation of both AKT and CREB pathways in cancer.  
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7.8 ZIP7 overexpression activates ERK1/2 
 

MAPK signalling pathways regulate many cellular processes involved in cell proliferation, 

differentiation, angiogenesis, tumour metastasis and apoptosis518. ERK, a type of 

serine/threonine protein kinase, is a member of the MAPK family and is activated by 

phosphorylation on residues T202/Y204/T185/Y187519. Stimulation of epidermal growth 

factor receptor (EGFR) or insulin-like growth factor receptor leads to RAS activation, which 

will activate RAF. Subsequently, RAF phosphorylates and activate MEK1/2 which in turn 

phosphorylates and activates ERK1/2. Once activated, ERK1/2 can regulate up to 250 potential 

substrates that have a role in apoptosis, DNA repair, and cell cycle520–522. Activated ERK 

causes many pathological changes, including tumorgenesis523,524. Activation of ERK has been 

observed in pancreas, melanoma, colorectal, basal-like breast, hepatic, and non-small cell lung 

cancer525. ERKs have been shown to promote cell survival by inhibiting apoptosis, inducing 

DNA damage repair and arresting the cell cycle521. ERK is mainly located in the cytoplasm; 

however, it does get translocated to the nucleus after its initial activation where it can regulate 

transcription factor activity and gene expression520–522. An in vivo study on mice has shown 

that increased activation of the ERK/MAPK pathways was related to colon carcinoma 

development as continuous activation of the ERK/MAPK signalling pathways promotes the 

transformation from normal cells into tumour cells 526. Inhibition of this pathway can inhibit 

tumour growth, suggesting that ERK/MAPK is involved in tumour formation and providing a 

promising anticancer therapy526. 

 

70-kDa ribosomal S6 kinase  (p70S6K) has an important role in cell cycle progression and cell 

proliferation518.  p70S6K is a downstream target of ERK/MAPK (Figure 7.2) as well as 

AKT518. The downregulation of p70S6K in ovarian tumours inhibits their growth and 

angiogenesis527. Angiogenesis is the formation of new blood vessels that play a critical role in 

the growth of cancer because solid tumours need to generate a new blood supply528. The 

primary cause of death for patients with cancer is metastatic growth of the tumour, which is 

the spreading of cancer cells from a primary tumour to a secondary site throughout the 

lymphatic circulatory system529. Invasion is the first step of metastasis, where the tumour cells 

penetrate their surrounding basement membrane and migrate through the extracellular matrix 

(ECM) into the surrounding tissue530. ERK/MAPK signalling pathway plays an important role 
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in tumour invasion and metastasis531. So, MAPK is an important pathway that drives human 

cancer and blocking this pathway by targeting inhibitors is an essential anti-tumour strategy. 

 

MAPK signalling pathways are often used as a target for cancer treatment because of their 

implication in cancer survival271.  A combination inhibitor of Raf (an upstream activator of 

MEK) and MEK inhibitors have been developed to target MAPK pathways; however, 

resistance to these antagonists accrues within one year, so discovering further new treatment 

options is necessary532.  ERK is the terminal kinase of MAPK pathways and inhibiting its effect 

is a promising strategy to treat a wide variety of cancer. However, available ERK inhibitors 

can cause resistance in clinics due to mutation in ERK1/2 which prevents the inhibitor binding 

to the mutant ERK molecule. Nevertheless, new ERK1/2-specific inhibitors are currently in 

early clinical trials to treat metastatic solid tumours533. The phosphokinase arrays presented in 

this thesis showed that activation of ERK1/2 is downstream of ZIP7 activation69 by CK2169. 

ZIP7 has been shown to increase growth and invasion of aggressive antihormonal resistance 

cells69. ZIP7 is a highly promising therapeutic target of tumour growth, invasion and 

antihormonal resistance in breast cancer. 

 

7.9 Decreased ERK1/2 activation in cells overexpressing ZIP7 NLS3 
 

The phospho-array data revealed that ZIP7-mediated zinc release phosphorylates multiple 

kinases, and one of them involves the Mitogen-activated protein kinase (MAPK) cascade, 

confirming what was seen in a previous study74.  Treating tamoxifen-resistant breast cancer or 

MCF-7 cells with zinc showed CK2 phosphorylation of ZIP7 at Ser275 and Ser276 that peaks 

within 2 minutes, generating a downstream increase in cytosolic zinc and phosphorylation of 

ERK1/2 (T202/Y204/T185/Y187) and pS473AKT169 (Figure 7.2). MAPK has an essential role 

in the regulation of cell proliferation, survival, and differentiation271. Activated MAPK cascade 

has been reported in many diseases, including cancer271. ERK1/2 is a downstream component 

of the Ras/Raf/MEK1/2 signaling cascade which has an important role in oncogenesis. 

Epidermal growth factor receptor (EGFR) is overexpressed in many cancers and Ras is the 

main downstream effector of EGFR534,535. The previous study from our group showed that 

ZIP7-mediated zinc release from cellular stores resulted in activation of many receptor tyrosine 

kinases (RTKs) such as EGFR (ErbB1), ErB2 and IGF-1R14 and this was further confirmed 

using phospho-RTK arrays74. Taken together these data further support the involvement of 
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ZIP7-mediated zinc signalling in driving many signalling pathways that are known to be 

responsible for cellular carcinogenesis. 

 

Activated ERK1/2 phosphorylates p90 ribosomal S6 kinases (RSK) downstream and both then 

translocate into the nucleus where they activate many transcription factors that lead to an 

increase in cell proliferation and survival536(Figure 7.2). Fluorescent staining in fibroblastic 

cells showed that MAPK, after mitogenic stimulation, is activated primarily in the cytoplasm 

and then moves to the nucleus537. In the nucleus, activated ERK1/2 can phosphorylate the cell 

cycle regulatory transcription factors such as Elk-1 while RSKs can phosphorylate CREB, 

which in turn also promotes cell survival538. Therefore, decreasing the nuclear effect of ERK1/2 

has been investigated as a means of providing control in cancer development. The phospho-

kinase arrays result in this study showed a significant reduction of ERK1/2 in cells transfected 

with the ZIP7 NLS3 mutant (Figure 6.13) which was also confirmed to be less than WT ZIP7 

by western blot (Figure 6.14). These data confirmed the role of nuclear ZIP7 in ERK1/2 

activation. 

 

The discovery of the novel nuclear localization of ZIP7, suggests that it can transport zinc into 

both the cytosol and into the nucleus, which is a new discovery. Once ERK1/2 is activated, it 

will be able to phosphorylate proteins in the cytosol or nucleus that have a role in cell 

differentiation, proliferation, and apoptosis539. Zinc has a major role in ERK1/2 activation. A 

decrease in ERK1/2 phosphorylation and cell cycle arrest was observed in zinc-deficient IMR-

32 cells (derived from neuroblastoma metastasis)540. These results suggest that targeting 

nuclear-located ZIP7 to reduce nuclear zinc and decrease activation of nuclear ERK1/2 would 

be a novel way to reduce cellular proliferation driven by the ERK1/2 pathway.  

 

7.10 Decreased activation of p70S6 Kinases in cells overexpressing the 

ZIP7 NLS3 mutant 
 

S6K is a ribosomal protein S6 kinase which is a member of the AGC family of serine/threonine 

kinases. This family also includes PKA, AKT (PKB), protein kinase C (PKCs), PKG, PDK-1, 

SGK and 90- kDa ribosomal S6 kinases (p90RSK)541.  p70S6K catalyses the phosphorylation of 

the S6 protein, which is a component of the 40S subunit of eukaryotic ribosomes275,542. S6K is 

known to be involved in the regulation of protein synthesis, the G1/S transition of the cell 
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cycle, mRNA splicing, and ribosomal biogenesis543,544, all factors required for increased cell 

growth and proliferation. Knockout studies of the S6 kinase gene in Drosophila and mice 

showed that the S6 kinases are essential for controlling cell size545, growth546, and glucose 

homeostasis547. Furthermore, microinjection studies with neutralizing p70S6 antibodies 

prevented cell entry into the S phase of the cell cycle and protein synthesis548,549, showing that 

p70S6 is essential throughout G1 and p70S6 antibodies may exert their effect on protein 

synthesis through inhibition of S6 phosphorylation. 

 

Two signaling pathways have been shown to activate p70S6 Kinase. The first pathway is 

regulated by PI3K and its downstream effectors PDK and AKT275,550,551 (Figure 7.2). The 

second pathway is mTOR552,553 an important target for breast cancer therapy as it is involved 

in cancer development and tumorgenesis554–556. Both these pathways are activated as a result 

of ZIP7-mediated zinc release from stores74. In fact, ZIP7-mediated zinc release from 

intracellular stores activates MAPK, mTOR, and PI3K-AKT pathways within 5 minutes of a 

stimulus. In this study, it was shown that ZIP7 overexpression leads to phosphorylation of 

p70S6 Kinase, which is also the downstream target of mTOR, and PI3K-AKT (Figure 7.2). 

Therefore, targeting p70S6 Kinase through inhibition of ZIP7 may represent a beneficial new 

avenue for cancer therapy.  

 

p70S6 Kinase is activated by phosphorylation at different serine/threonine sites by different 

upstream kinases276. p70S6 Kinase activation is achieved by sequential phosphorylation on 

S411, S418, T421, S424, T389 and T229 residues557,558. The first phosphorylation of p70S6 Kinase 

occurs at the C-terminal domain (S411, S418, T421, and S424)559. The kinases that can 

phosphorylate p70S6 kinase in the initial step are ERK (T421/S424)560, JNK1 (S411/S424)561 and 

mTOR (S411/T421/ S424)562. The second phosphorylation step occurs on T389, which is catalysed 

by mTOR562. Thr389 phosphorylation allows phosphatidyl-inositide dependent kinase 1 

(PDK1) to phosphorylate T229276. The phosphorylation of T389 and T229 is essential for 

p70S6 kinases maximal activation563. 

 

The phospho-kinase arrays showed a marked increase in p70S6 kinase phosphorylation on 

residues Thr389 and Thr421/Ser424 in cells transfected with WT ZIP7 and treated with zinc 

(Figure 6.13). A recent study in our group showed a significant increase in p70S6 Kinase 

(T421/S424) in untreated conditions in cells transfected with WT ZIP7 compared to non-
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transfected cells confirming that ZIP7-mediated zinc release can activate p70S6 Kinase74. ERK 

phosphorylates p70S6 Kinase on Thr421/Ser424560 and the western blot results of ERK 

activation in cells transfected with WT ZIP7 showed an increase after 10 minutes of zinc 

treatment that was not statistically significant (Figure 6.14).  These results correlate with a 

nonsignificant increase in T421/S424 p70S6 Kinase phosphorylation level after 10 minutes of 

zinc treatment (Figure 6.17). Phosphorylation of p70S6 Kinase on Thr389 relies on mTOR 

activation562. mTOR is a serine/threonine-protein kinase and a member of the PI3K-associated 

kinase protein family that regulates cell growth and proliferation564. mTORC1 is a downstream 

target of AKT and is activated by phosphorylated AKT281. The western blot results of AKT in 

cells transfected with WT ZIP7 showed a significant increase of pS473AKT after 10 minutes of 

zinc treatment (Figure 6.15) and that correlated with a significant rise in p70S6 Kinase (T389) 

after 10 minutes of zinc treatment (Figure 6.18).  

 

Zinc is essential for cell growth as it can stimulate the cell signalling activity of p70S6 Kinase 

through the PI3K signalling pathway565. In addition, zinc can stimulate mTOR, which is an 

important upstream kinase of p70S6 Kinase566. Using specific inhibitors of the p70S6 Kinase 

signalling pathways, such as wortmannin (a phosphatidylinositol 3-kinase [PI3-K] inhibitor) 

and rapamycin (an mTOR inhibitor), it has been demonstrated that zinc is an upstream activator 

of mTOR and PI3K as these inhibitors both inhibit the zinc-induced p70S6 Kinase activity565. 

ZIP7-mediated zinc release from stores activates the PI3K/mTOR pathway, leading to 

phosphorylation of p70S6 Kinase on residues T421/S424 and T389, and this pathway also has 

a well-known role in driving cell growth and proliferation567. 

 

No direct inhibitor for p70S6 Kinase has been identified however the upstream signalling 

pathways involved in the regulation of p70S6 Kinase can be inhibited by wortmannin and 

immunosuppressant rapamycin and that inhibition subsequently can severely impair the 

progression of the cell cycle through the G1 phase543.  Interestingly, combining mTOR 

inhibitors with endocrine therapy in a patient with estrogen receptor-positive breast cancer has 

also been shown to enhance antitumour activity and prolong the time to cancer progression568–

570. However, mTOR inhibitors can be involved in a negative feedback mechanism which 

produces a marked increase in AKT and ERK1/2 activation571 which may be a potential 

unwanted side effect in the clinic. To prevent the cancer cells from finding another route for 

their proliferation, multiple inhibitory targets at different levels could alternatively be used. 
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Another novel target that has been highlighted in this study is the nuclear localized ZIP7. The 

ZIP7 NLS3 mutants showed a lower level of p70S6 Kinas, suggesting that nuclear ZIP7 has an 

indirect role in p70S6 Kinase activation.   

7.11 Activation of WNK1 (T60) in cells overexpressing WT ZIP7 
 

WNK is a protein kinase family that lacks lysine in the kinase subdomain II and its pathway is 

known to control blood pressure through regulation of the function of ion transport across the 

cell membrane572,573. There are four WNK genes in human574,575. Activated WNK kinases 

phosphorylate and stimulate oxidative stress response 1 (OSR1) and STE20/SPS1-related 

proline/alanine-rich kinase (SPAK) which directly phosphorylate cation-chloride-coupled 

cotransporters including Na-K-Cl cotransporter (NKCC1), (NKCC2), and Na-Cl cotransporter 

(NCC) that have a role in the pathogenesis of hypertension576–578. The PI3K-AKT cascade is a 

well-known carcinogenic pathway which activates numerous proteins involved in diverse 

cellular roles such as cell growth, proliferation, survival, and migration443. The with no lysine 

[K] protein kinase-1 (WNK1) is also shown to be involved in cell proliferation, invasion, 

migration, and autophagy579–583. Several studies have shown that WNK1 is one of the 

downstream signalling pathways of the PI3K-AKT cascade (Figure 7.2). Insulin-like growth 

factor stimulation of HEK-293 cells, induce WNK1 phosphorylation at threonine residue 60 

by AKT, and WNK1 phosphorylation is inhibited by using a PI3K inhibitor584,585. WNK1 is 

phosphorylated as a result of ZIP7-mediated zinc release from stores (Figure 6.13), confirming 

the results of a previous study in our group74. Recently, many studies showed the link of WNK 

kinases to many cancer types however, the exact mechanism of how they act is not well 

understood. Large scale cancer genomic sequencing studies have identified point mutations of 

WNK1 in breast and colon cancer586,587. There is evidence that WNK1 is important for cell 

migration in different cancer types, including prostate cancer588, non-small cell lung cancer589, 

glioblastoma590, and breast cancer591,592 An in vitro study showed that depletion or inhibition 

of WNK1 in breast cancer decreased migration and invasion593.  

 

The Secreted Protein Acidic and Rich in Cysteine (SPARC) has been shown to promote cell 

migration in a non-small cell lung cancer cell line through AKT activation and increased 

WNK1 phosphorylation at threonine residue 60589. Furthermore, WNK1 has been shown to 

regulate Wnt/ß-catenin positively in Drosophila594 where increased Wnt signalling and high ß-

catenin has been demonstrated to cause colon cancer595. Additionally, a few studies have 
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recently shown that ß-Catenin is a transcription target of WNK1 and the proliferation of some 

cancer cells with high ß-Catenin activity is dependent on WNK1583,596.  This data is consistent 

with the observed high expression of ß -Catenin leading to many diseases including cancer597. 

The three kinases, WNK 1, WNK2 and WNK3,  have all been shown to increase cell migration, 

invasion, and metastatis598–600 and are therefore considered important potential targets in 

cancer. Furthermore, WNK1 increases epithelial-mesenchymal transition (EMT) which 

enhances the accumulation of transcription factor Slug583, which would stimulate loss of cell 

attachment, an essential factor required for tumour invasion and development601. Decreasing 

the expression of WNK1 in cultural endothelial cells caused reduced expression in a number 

of factors that promote angiogenesis including Slug, vascular endothelial growth factor A 

(VEGF-A), and matrix metalloproteinases583. These studies provide evidence that WNK1 has 

a role in tumour progression and metastasis. The results presented here are consistent with ZIP7 

acting as an upstream effector of WNK1 and places ZIP7 as a new therapeutic target in breast 

cancer patients to attenuate tumour progression and metastasis.  

 

Currently, there are no clinically approved drugs that target the WNK pathway being used to 

treat cancer; however, some compounds that inhibit OSR1 and SPAK activity have shown a 

promising effect in anticancer therapy. So, the link between ZIP7 and activation of these 

signalling pathways that are known to have a role in cancer progression does suggest that ZIP7-

mediated zinc release signalling is an interesting target for cancer treatment.  

 

 
 

7.12 How to target ZIP7 
 

Many results in this thesis have concluded that ZIP7 is responsible for much aggressive cancer 

cell growth and that ZIP7 is therefore an appropriate target for preventing cancer progression. 

However, to date ZIP7 has only been inhibited by use of CK2 inhibitors such as CX-4945602. 

There is no tertiary structure available for ZIP7 and without this it is difficult to design effective 

small molecule inhibitors. However, some data has recently provided some structural 

information of how the ZIP transporters are positioned in the membrane which may help this 

aim.  
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7.13 Summary 
 

In summary, by using phospho-kinase arrays has enabled the multiple kinases phosphorylated 

as a direct result of ZIP7 mediated zinc release from stores to be confirmed. Interestingly, many 

of these kinases are linked together in an integrated network of carcinogenesis-related 

pathways, involving MAPK, PI3K-AKT, and mTOR pathways. ZIP7 is a gatekeeper for zinc 

release from cellular stores which can phosphorylate many kinases that have a role in 

carcinogenesis. These results have highlighted the role of ZIP7 in cancer development and 

suggest that ZIP7 is an interesting target for future cancer treatment. In this work, for the first 

time, it has been discovered that ZIP7 is additionally located in the nuclear membrane and 

capable of increasing the activation of multiple kinases in the nucleus, which has a direct effect 

on cell growth and proliferation. To date, no ZIP transporter has been located in the nucleus, 

and there is much zinc in the nucleus which is required for DNA zinc fingers and transcription 

factor binding to the target gene, especially in cancer. 

 

Until now, it has been assumed that MT is involved in regulating nuclear zinc. However, MT 

requires transcription to get activated which can take hours and days, which is not very useful 

for signalling effects that occur in seconds or minutes. This discovery now explains the full 

reach of zinc transporters such as ZIP7 to not only activate signalling within the cytoplasm but 

also in the nucleus to guarantee cell growth and proliferation. The unique nuclear localization 

of ZIP7 has raised the question of its role in transporting zinc into the nucleus and activating 

the pathways leading to cancer development. Proving the role of ZIP7 in nuclear zinc transport 

could have significant implications for future cancer therapy. The phospho-arrays and western 

blot data demonstrated that ZIP7 NLS mutants significantly affect ZIP7 downstream signalling 

pathways, especially NLS3, which has a double alanine mutation. The cells transfected with 

NLS3 mutants decrease the amount of ZIP7 in the nucleus, affecting the phosphorylation of 

nuclear kinases. The nuclear localization signals of ZIP7 are essential for ZIP7 maximal 

activation, and removing those signals seriously reduces the downstream signalling pathways 

of ZIP7. This study provides the first evidence that ZIP7 is located on the INM, and its nuclear 

localization affects the downstream effect of ZIP7-mediated zinc release.  This data should 

now position ZIP7 at the forefront of targets for new anti-cancer drugs. Inhibiting ZIP7 should 

prevent the activation of a multitude of signalling pathways, all with known oncogenic ability, 



  

 

 

 

189 

and may provide a useful alternative in the clinic that could potentially avoid the development 

of resistance by inhibiting multiple pathways together. 
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9. Appendices: 
 

a- Materials, buffers and reagents for SDS-PAGE and western blot 

 

• Lysis buffer: 
- 50 mM Tris base pH 7.5, (Fisher;BP152-1) 

- 150mM NaCl (sodium chloride) (Fisher;S/3160/65) 

- 5mM EGTA (ethylene glycol tetra-acetic acid) (Sigma;3889) 

- 1% Triton X-100 (Sigma;T8532) 

We used 5M HCL to made up the pH to 7.6 

- 100 mM NaVO4 (sodium orthovanadate)        we used (2 μl/ dish) 

- 1M Sodium fluoride (NaF)         we used (1 μl/ dish) 

- Protease inhibitors cocktail 1:100 (Sigma;P8340) 

The Protease inhibitors cocktail must be added just before use 

 

• Running buffer for SDS-PAGE pH 8.3 (10X concentrated stock)- 1 Litter 
- 30g TRIS base 

- 144g Glycin (Fisher;G/P460/53) 

- 10g SDS 

- Distilled H2O 

- HCL (Hydrogen Chloride) 5M to adjust pH 

 

The above reagents were dissolved in 800ml of distilled H2O.pH of the solution was adjusted 

to 8.3 with 5M HCL ( ~ 6-7 ml) and make it up to 1 Litter with distal H2O. For use in SDS-

PAGE dilute the 10X concentrated stock 1 in 10 in distilled H2O. 

 

• TRIS- Buffered Saline with Tween 20 (TBS-Tween), pH7.6 (10X concentrated 
stock)- 1 Litter 
- 12.1 g TRIS base 

- 58 g NaCl 

- 5 ml Tween 20 

 

The above reagents were dissolved in 900ml of distilled H2O. pH of the solution was adjusted 

to 7.6 with approximately 15 ml of 5M HCL and then the solution was make it up to 1 Litter 

with distilled H2O. For western blot use, dilute the concentrated stock 1 in 10 with distilled 

H2O (1X TBST). 

 

• Transfer Buffer- 1 Litter 
- 3.03 g TRIS base 

- 14.4 g Glycine. 

- 800 ml distilled H2O 

- 200 ml Methanol.( Fisher;10284580) 
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• Laemmli Sample Buffer (Loading Buffer) 4X concentrated 
 
- 800 mg SDS (Sigma;L4390) 

- 4 ml Glycerol (Sigma;G5516) 

- 4.8 ml of 0.5M stacking gel buffer (pH 6.8) (Bio-Rad;161-0799) 

- 1.2 ml distilled H2O 

- Bromophenol blue 

-  308mg of Dithiothreitol (DDT)  

 

DTT was added just before use because it is unstable in aqueous solution. 

1x buffer made up from the 4x concentration stock in distilled H2O 

• Ponceau S 
- Ponceau S 0.1 % (w/v) 

- 5% acetic acid 

 


