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Summary 

 Zinc is one of the most abundant trace elements in the human body. Cellular zinc 

homeostasis is primarily controlled by zinc transporters, including the ZIP family of zinc 

importers. Since zinc homeostasis needs to be tightly controlled, dysregulation of these 

zinc transporters is associated with multiple diseases including cancer. ZIP7, a zinc 

transporter residing on the endoplasmic reticulum membrane, was discovered to be 

involved in driving endocrine resistant breast cancer. Findings within this project 

support the hypothesis that tamoxifen-resistant breast cancer cells are driven by the 

increased activation of ZIP7 which, together with ZIP6, drives the invasive behaviour of 

this more aggressive breast cancer phenotype. This study confirmed the suitability of 

activated ZIP7 as a good biomarker of acquired resistance to anti-hormone treatment in 

breast cancer, a current clinical unmet need. 

 

Zinc is also important in cell cycle progression and, in particular, is essential for 

progression of cells through the G2 phase and mitosis. Our group have discovered that 

ZIP6 forms a heteromer with ZIP10 on the plasma membrane which influxes zinc into 

cells to trigger mitosis. This study demonstrated that treatment of different cancer cell 

lines with specific N-terminal ZIP6 or ZIP10 antibodies was able to inhibit mitosis by 

preventing the zinc influx necessary at this stage of the cell cycle. These agents were 

also shown to be effective at reducing the growth of different cancer cell lines. Using a 

model of ZIP6 CRISPR/Cas9 knockout cells it was discovered that ZIP6 downregulation 

induces upregulation of ZIP10, as a compensatory mechanism to counteract the lack of 

ZIP6. This study revealed novel targets for proliferative diseases such as cancer, which 

is manifested by uncontrolled growth. Additionally, this project brought new insight into 

the regulation of ZIP6 and discovered the potential for CK2 phosphorylation as well as 

proteolytic cleavage for proper function.  
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1 GENERAL INTRODUCTION  



 2 

1.1 The role of zinc in human health 

1.1.1 Zinc in the diet and body 

Zinc is one of the most important and essential trace elements in humans. The 

first evidence of its importance in human development was in 1869, when it was first 

identified as an essential element for the growth of Aspergillus niger (Raulin, 1869). 

However, it was not until the mid 20
th

 century that its role in humans was fully 

discovered (Prasad et al., 1963). The amount of zinc in the human body is normally 2-3 

g, varying between tissues. Zinc is referred to as a trace element as its content in the 

plasma is in the order of micromolar (Rink & Gabriel, 2000). It is mainly found in the 

muscle and bones (Wastney et al., 1986) but also in the liver and skin, with the highest 

concentration seen in the prostate and eye (John et al., 2010). Zinc intake comes from 

the diet with a recommended intake of 8 mg/day for women and 11 mg/day for men. 

This amount decreases for infants (2-3 mg/day) and children (5-9 mg/day) (Trumbo et 

al., 2001). Zinc is absorbed in the small intestine and it is then distributed in the body 

via the serum (Scott & Bradwell, 1983). As zinc is an essential dietary nutrient, the body 

counteracts any reduction in zinc uptake by reducing its excretion (King, 2011). In fact, 

it was seen both in animals and humans that reducing the zinc intake led to a significant 

reduction of zinc excretion in order to preserve zinc in the body (Baer & King, 1984). 

Furthermore, zinc deficiency is followed by an increase of tissue metabolism such as 

muscle catabolism. 

 

Dietary zinc comes from a variety of food; oysters, for example, contain more 

zinc than any other type of food. Other sources include meat, nuts, beans, seafood, 

whole grains and dietary products (Figure 1.1). However, phytates contained in most 

plant food and grains bind zinc and reduce its absorption, therefore its availability from 

food is significantly decreased in comparison to animal foods, if eaten in the presence 

of phytates (Trumbo et al., 2001). Despite its proven importance in human health, many 

people around the world suffer from zinc deficiency. 
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Figure 1.1 Zinc in the diet. 
Zinc is one of the most important trace elements in the human body and it is absorbed from food in the 
gut. The Figure above illustrates the main sources of zinc in the diet.  

 

1.1.2 Molecular aspects of zinc signals 

Two different types of zinc can be found in the body: labile zinc and protein-

bound zinc. The predominance of zinc in the human body is bound to proteins; in fact 

almost 10% of proteins encoded in the human genome have potential zinc-binding 

motifs (Andreini et al., 2006). The amount of labile zinc is very low and is estimated to 

be in the order of nanomolar (Maret, 2011). Zinc acts as a cofactor for more than 300 

enzymes and is essential for their function, ranging from the synthesis to the 

degradation of metabolites (Vallee & Auld, 1990). An enzyme is defined as a zinc 

metalloenzyme when its activity is significantly decreased after zinc removal (King, 

2011). Zinc is indispensable for RNA transcription, DNA synthesis, cell division and 

molecular signalling activation (Prasad, 1998). The importance of zinc in gene expression 

is highlighted by the fact that more than 2000 transcription factors bind zinc in order for 

them to bind DNA. Furthermore, zinc also plays an essential role in cell proliferation (Li 

& Maret, 2009) as well as in cell death through its involvement in apoptosis (Wätjen et 

al., 2002). Any change in intracellular labile zinc concentration can also affect cell signal 

transduction because zinc not only regulates the activity of transcription factors but also 

several signalling molecules, such as kinases (Kim et al., 2000; Samet et al., 1998) and 

phosphatases (Haase & Maret, 2003). Manipulation of the zinc level in cells by either 

adding extracellular zinc or by withdrawing it through the use of chelating agents can 
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influence several signalling pathways which require zinc in order to be activated 

(Beyersmann & Haase, 2001). 

 

1.1.3 Cellular zinc homeostasis 

Zinc cannot pass through cell membranes, therefore, zinc homeostasis requires 

the involvement of two families of zinc transporters (Figure 1.2). The ZIP family (Zrt-/Irt-

like protein, termed SLC39A) of zinc importers transports zinc from the outside of the 

cell or from intracellular stores to the cytosol, whereas the ZnT family (termed SLC30A) 

of zinc exporters transports zinc either out of the cell or into stores (reviewed by Kambe 

et al. 2015). While the ZnT transporters are known to be Zn
2+/

H
+

 exchanger (Ohana et 

al., 2009; Shusterman et al., 2014), the ZIP members are generally referred to as 

transporters in the literature, despite some evidence that they may act in a channel-like 

manner (Taylor et al., 2012). Another important mechanism involved in zinc 

homeostasis is due to the action of zinc-binding proteins such as metallothioneins and 

glutathione which bind most of intracellular zinc (Maret & Vallee, 1998; Jiang, Maret & 

Vallee, 1998) (Figure 1.2-C). 

 

 

Figure 1.2 Zinc homeostasis is mainly controlled by two families of zinc transporters. 
A. The ZnT transporters are zinc exporters, characterised by 6 transmembrane domains. 
B. The ZIP transporters are zinc importers, characterised by 8 transmembrane domains with a long 
intracellular loop between TM III and TM IV. 
C. The amount of labile zinc in the cytoplasm is in the order of nanomolar as most of the cytoplasmic zinc 
is bound to proteins, such as metallothionein and glutathione. 
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The human ZnT family of zinc transporters consists of ten members in total. ZnT 

transporters are all predicted to contain six transmembrane (TM) domains with both the 

N and C-terminal domains on the intracellular side of the membrane (reviewed by 

Kambe et al. 2015) (Figure 1.2-A). Furthermore, they have a long C-terminus and they 

have been shown to be specific to the transport of zinc and no other metal (Palmiter & 

Huang, 2004). ZnT transporters function as a Zn
2+/

H
+

 exchanger (Ohana et al., 2009; 

Shusterman et al., 2014) where the two conserved aspartic acids of TM II and two 

histidines of TM V are thought to create an intramembranous cavity for the zinc 

transport. The importance of these residues has been confirmed by the fact that 

mutation at these sites suppressed the transport activity (Wei & Fu, 2006). Most 

interestingly, the ZnT transporters form homodimers in order to transport zinc, with the 

exception of ZnT5 and ZnT6 which form a heterodimer together (Fukunaka et al., 2009). 

One common characteristic of all the members of the ZnT family is the histidine rich loop 

between TM IV and V, which is thought to act as a sensor of cytosolic zinc and be 

involved in the regulation of zinc entry (Podar et al., 2012; Kawachi et al., 2012). 

 

In contrast, the human ZIP family contains 14 members that can be divided into 

four different subfamilies (Gaither & Eide, 2001) (Figure 1.3). They each have eight 

transmembrane domains with a long cytoplasmic loop between TM III and TM IV (Figure 

1.2-B). Differently from the ZnT transporters, they do not transport zinc exclusively, as 

they also transport manganese, iron, and cadmium (Gao et al., 2008; Fujishiro et al., 

2012). The phylogenetic tree obtained from the alignment of the amino acid sequences 

of the human ZIP transporters confirms the classification into four subfamilies: GufA, 

subfamily I, subfamily II and the LIV-1 subfamily (Figure 1.3). The horizontal lines on the 

phylogenetic tree show the change of the evolutionary lineages over time. When two 

members are in the same branch, it means that they share a common ancestor and that 

they are more related to each other. Furthermore, a longer length of the branch 

represents a large change that has taken place. The phylogenetic tree shows that the 

human ZIP transporters descend from the same ancestor; however, they have all 

undertaken different changes with time. According to the phylogenetic tree, the 

members of the LIV-1 subfamily derive from a more recent ancestor than the other 

members of the ZIP family and they have also undergone more changes (Figure 1.3). 
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Figure 1.3 Phylogenetic tree of the ZIP family of zinc transporters. 
The human sequences of the ZIP family members were retrieved using the NCBI database in FASTA format 
and aligned using the ClustalW tool (Swiss Institute of Bioinformatics) (Larkin et al., 2007). The 
phylogenetic tree was obtained using the Phylogeny.fr web service (Dereeper et al., 2008). The ZIP family 
can be divided into 4 main subfamilies according to the similarities existing between the different 
members: GufA (ZIP11), the LIV-1 subfamily (ZIP4-ZIP8, ZIP10, ZIP12-ZIP14), subfamily I (ZIP9) and 
subfamily II (ZIP1-ZIP3). 
 

ZIP7 and ZIP13 are in the same branch, meaning that they are related to each 

other. This is confirmed by the fact these two zinc transporters are the only two 

members that reside on the membrane of intracellular stores, rather than the plasma 

membrane. Similarly, ZIP6 and ZIP10 are in the same branch, indicating that they are 

related to each other as well. ZIP5 is not known to be directly related to ZIP6 and ZIP10, 

nevertheless it comes from a more recent ancestor and it may have a closer relationship 

to those two than to the other members of the family. The alignment of the sequences 

of the ZIP family members indicates the similarities between them and reveals that they 

are characterised by eight transmembrane domains (TM) (Taylor & Nicholson, 2003) 

(Figures 1.4-1.5). These regions are easily distinguished in the alignment because they 

correspond to the regions with the highest similarities, which suggest how these 

domains are structurally conserved in all the family members. The ZIP family members 

are characterised by a long N-terminal domain and a short C-terminal domain. 

Interestingly, they all reveal a long intracellular loop between TM III and TM IV. The long 

intracellular loop contains a large number of histidine residues (Manning et al., 1995; 

Guerinot, 2000), which are predicted to be involved in the metal binding region as they 

LIV-1 
subfamily

Subfamily II

Subfamily I

GufA
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bind zinc and, thus are involved in zinc ion transport (Guerinot, 2000; Gaither & Eide, 

2001). Nevertheless, this intracellular loop does not show many similarities between the 

different transporters, suggesting that each zinc transporter of the family may undergo 

different regulation in order to be activated. The LIV-1 subfamily is the largest of the ZIP 

family (Figure 1.3). In addition to the characteristics that they share with the entire 

family, the members of the LIV-1 subfamily also contain a CPALLY motif and the 

consensus HEXPHEXGD motif (Taylor & Nicholson, 2003) (Figures 1.4-1.5), which is 

similar to the zinc binding site of the zinc metalloproteinases zincins (Hooper, 1994). The 

role of the CPALLY motif has not been defined yet; however, it contains three conserved 

cysteines that can create disulphide bonds between each other and are thought to be 

involved in the regulation of the zinc transport (Taylor et al., 2007). This leaves a spare 

cysteine, but as seen in Figure 1.5 prior to the HEXPHEXGD motif there is an additional 

adjacent cysteine which is conserved between most members, which could make a 

further disulphide bond with the third cysteine present in the CPALLY motif and 

therefore create the pore for zinc transport (Taylor et al., 2007). Most of the LIV-1 family 

members are situated on the plasma membrane (Taylor et al., 2004), but two of them 

(ZIP7 and ZIP13) are predicted to be located in intracellular membranes: the 

endoplasmic reticulum (Taylor et al., 2004) and Golgi (Huang et al., 2005) respectively, 

enabling them to transport zinc from intracellular stores to the cytosol (Taylor, 2008). 

ZIP7 and ZIP13 are included in a subgroup of the LIV-1 subfamily, which was initially 

called KE4 (Taylor et al., 2004). One characteristic that distinguishes the member of the 

LIV-1 subfamily from the other ZIP transporters is the incidence of histidine-rich repeats 

throughout their sequence. In particular, the long N-terminus of ZIP6 contains 317 

residues of the total 749 in the entire sequence, 27 of which are histidine residues 

(Taylor & Nicholson, 2003). The presence of many histidine residues is key to zinc 

transport since histidine is known to bind zinc. High abundance of histidine residues are 

seen on the long cytoplasmic loop between TM III and TM IV, on the extracellular loop 

between TM II and TM III and on the extracellular N terminus (Taylor, 2000) (Figure 1.6). 
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hZIP1     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP2     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP3     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP4     1 MASLVSLELGLLLAVLVVTATASPPAGLLSLLTSGQGALDQEALGGLLNTLADRVHCANGPCGKCLSVEDALGLGEPEGSGLPPGPVLEARYVARLSAAAVLYLSNP------------- 
hZIP5     1 -------MMGSPVSHLLAGFCVWVVLG---------------------WVGGSVPNLGPAEQEQNHYLAQLFGLYGENGTLTAGGLARLLHSLGLGRVQGLRLGQHG------------- 
hZIP6     1 --------MARKLSVILILTFALSVTN---PLHELKAAAFPQTTEKISPNWESGINVDLAISTRQYHLQQLFYRYGENNSLSVEGFRKLLQNIGIDKIKRIHIHHD-------------- 
hZIP7     1 -------------------MARGLGAP-----------------HWVAVGLLTWATLGLLVAGLGGHDDLHDDLQEDFHGHSHRHSHEDFHHGHSHAHGHGHTHESI------------- 
hZIP8     1 ----------MAPGRAVAGLLLLAAAG-----------------LG-----------GVAEGPGLAFSEDVLSVFGANLSLSAAQLQHLLEQMGAASRVG---VPEP------------- 
hZIP9     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP10    1 ----MKVHMHTKFCLICLLTFIFHHCNHCHEEHDHGPEALHRQHRGMTELEPSKFSKQAAENEKKYYIEKLFERYGENGRLSFFGLEKLLTNLGLGERKVVEINHEDLGHDHVSHLDILA 
hZIP11    1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP12    1 ------MCFRTKLSVSWVPLFLLLSRVFSTETDKPSAQDSRSRGSSGQPADLLQVLSAGDHPPHNHSRSLIKTLLEKTGCPRRRNGMQGDCNLCFEPDALLLIAGGNFEDQLREEVVQRV 
hZIP13    1 -------------------------------------------------------MPGCPCPGCG------------------------------------------------------- 
hZIP14    1 -------MKLLLLHPAFQSCLLLTLLG-----------------LWRTTPEAHASSLGAPAISAASFLQDLIHRYGEGDSLTLQQLKALLNHLDVGVGRGNVTQHVQ------------- 
 
 
hZIP1     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP2     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP3     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP4   108 -----------------------------------------------------------EGTCEDARAGLWASHADHLLALLESPKALTPGLSWLLQRMQARAAGQTPKTACVDIPQLLE 
hZIP5    80 --------------------------------------------------------------------------------------------------------PLTGRAASPAADNSTH 
hZIP6    96 -----HDHHSDHEHHSDHER----------------------------HSDHEHHSEHEHHSDHDH--HSHHNHAASGKNKRKALCPDHDSDSSGK---DPRNSQGKGAHRPEHASGRRN 
hZIP7    72 ------------------------------------------------------------------------------------------------------------------------ 
hZIP8    67 ------------------------------------------------------------------------------------------------------------------------ 
hZIP9     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP10  117 VQEGKHFHSHNHQHSHNHLNSENQTVTSVSTKRNHKCDPEKETVEVSVKSDDKHMHDHNHRLRHHHRLHHHLDHNNTHHFHNDSITPSERGEPSNEPSTETNKTQEQSDVKLPKGKRKKK 
hZIP11    1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP12  115 SLLLLYYIIHQEEICSSKLN--------------------------MSNKEYKFYLHSLLSLRQDEDSSFLSQNETEDILAFTRQYFDTSQSQCMETKTLQKKSGIVSSEGANESTLPQL 
hZIP13   11 ------------------------------------------------------------------------------------------------------------------------ 
hZIP14   84 ------------------------------------------------------------------------------------------------------------------------ 
 
 
hZIP1     1 ------------------------------------------------------------------------------------------------------MGPWGEPELLVWRPEAVA 
hZIP2     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP3     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP4   169 EAVGAGAPGSAGGVLAALLDHVRSGSCFHALPSPQYFVDFVFQQHSSEVPMTLAELSALMQRLGVGREAHSDHSHRHRGASSRDPVPLISSSNSSSVWDTVCLSARDVMAAYGLSEQAGV 
hZIP5    96 RPQNPELSVDVWAGMPLGPSGWGDLEESKAP---------------------------------------HLPRGPAPSGLDLLHRLLLLDHSLADHLNEDCLNGSQLLVNFGLSPAAPL 
hZIP6   178 VKDSVSASEVTSTVYNTVSEGTHFLETIETPRPGKLFPKDVSSSTPP--------------SVTSKSRVSRLAGRKTNESVSEPRKGFMYSRNTNENP-QECFNASKLLTSHGMGIQVPL 
hZIP7    72 ----------------------------------------------------------------------------------------------WHGHTHDHDHGHSHEDLHHGHSHGYS 
hZIP8    67 ----------------------------------------------------------------------------------------------GQLHFNQCLTAEEIFSLHGFSNATQI 
hZIP9     1 ------------------------------------------------------------------------------------------------------------------------ 
hZIP10  237 GRKSNENSEVITPGFPPNHDQGEQYEHNRVHKPDRVHNPGHSHVHLPERNGHDPGRGHQDLDPDNEGELRHTRKREAPHVKNNAIISLRKDLNEDDHH-HECLNVTQLLKYYGHGANSPI 
hZIP11    1 ------------------------------------------------------------------------------------------------MLQGHSSVFQALLGTFFTWGMTAA 
hZIP12  209 AAMIITLSLQGVCLGQGNLPSPDYFTEYIFSSLNRTNTLRLSELDQLLNTLWTRSTCIKNEKIHQFQRKQNNIITHDQDYSNFSSSMEKESEDGPVSWDQTCFSARQLVEIFLQKGLSLI 
hZIP13   11 -------------------------------------------------------------------------------------------------MAGPRLLFLTALALELLERAGGS 
hZIP14   84 ----------------------------------------------------------------------------------------------GHRNLSTCFSSGDLFTAHNFSEQSRI 
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hZIP1    19 SEPPVPVGLEVKLG---------------------------------------ALVLLLVLTLLCSLVPICVLRRPGANHEGSASRQKALSLVSCFAGGVFLATCLLDLLPDYLAAIDEA 
hZIP2     1 ----MEQLLGIKLG---------------------------------------CLFALLALTLGCGLTPICFKWFQIDAARGHHR--LVLRLLGCISAGVFLGAGFMHMTAEALEEIESQ 
hZIP3     1 ----MVKLLVAKIL---------------------------------------CMVGVFFFMLLGSLLPVKIIET---DFEKAHRSKKILSLCNTFGGGVFLATCFNALLPAVREKLQKV 
hZIP4   289 TPEAWAQLSPALLQQQLSGACTSQSRPPVQDQLSQSER-------------YLYGSLATLLICLCAVFGLLLLTCTG----CRGVTHYILQTFLSLAVGALTGDAVLHLTPKVLGLHTHS 
hZIP5   177 TPRQFALLCPALLYQIDSRVCIGAPAPAPPGDLLS---------------ALLQSALAVLLLSLPSPLSLLLLRLLG-----PRLLRPLLGFLGALAVGTLCGDALLHLLPHAQEGRHAG 
hZIP6   283 NATEFNYLCPAIINQIDARSCLIHTSEKKAEIPPKTYSLQ---------IAWVGGFIAISIISFLSLLGVILVPLMN-----RVFFKFLLSFLVALAVGTLSGDAFLHLLPHSHASHHHS 
hZIP7    98 HESLYHRGHGHDHEHSHGGYGES-------GAPGIKQDLD-------AVTLWAYALGATVLISAAPFFVLFLIPVES----NSPRHRSLLQILLSFASGGLLGDAFLHLIPHALEPHSHH 
hZIP8    93 TSSKFSVICPAVLQQLNFHPCE--------DRPKHKTRPS-------HSEVWGYGFLSVTIINLASLLGLILTPLIK-----KSYFPKILTFFVGLAIGTLFSNAIFQLIPEAFGFDPKV 
hZIP9     1 ----------------------------------------------------MDDFISISLLSLAMLVGCYVAGIIP---LAVNFSEERLKLVTVLGAGLLCGTALAVIVPEGVHALYED 
hZIP10  356 STDLFTYLCPALLYQIDSRLCIEHFDKLLVEDINKDKNLVPEDEANIGASAWICGIISITVISLLSLLGVILVPIIN-----QGCFKFLLTFLVALAVGTMSGDALLHLLPHSQGGHDHS 
hZIP11   25 GAALVFVFSSGQRRILDG-----------------------------------SLGFAAGVMLAASYWSLLAPAVEMATSSGGFGAFAFFPVAVGFTLGAAFVYLADLLMPHLGAAEDPQ 
hZIP12  329 SKEDFKQMSPGIIQQLLSCSCHLPKDQQAKLPPTTLEKYG-------------YSTVAVTLLTLGSMLGTALVLFHS----CEENYRLILQLFVGLAVGTLSGDALLHLIPQVLGLHKQE 
hZIP13   34 QPALRSRGTATACRLDN---KES-------ESWGALLSGE-------RLDTWICSLLGSLMVGLSGVFPLLVIPLEMGTMLRSEAGAWRLKQLLSFALGGLLGNVFLHLLPEAWAYTCSA 
hZIP14  110 GSSELQEFCPTILQQLDSRACTSENQENEENEQTEEGRPS-------AVEVWGYGLLCVTVISLCSLLGASVVPFMK-----KTFYKRLLLYFIALAIGTLYSNALFQLIPEAFGFNPLE 
 
 
hZIP1   100 LAALHVT----------------------LQFPLQEFILAMGFFLVLVMEQITLAYKEQS------------------------------------------------------------ 
hZIP2    76 IQKFMVQN-----RSASERNSSGDADSAHMEYPYGELIISLGFFFVFFLESLALQCCP-------------------------------------------------------------- 
hZIP3    75 LSLGHIS----------------------TDYPLAETILLLGFFMTVFLEQLILTFRKEKPSF-----------------------------------------------IDLETFNAGS 
hZIP4   392 EEGLSPQP------------------------TWRLLAMLAGLYAFFLFENLFNLLLPRDPED-----------------------------------------LEDGPCGHSSHSHGGH 
hZIP5   277 PGGLPE------------------------KDLGPGLSVLGGLFLLFVLENMLGLLRHRG--------------------------------------LRPRCCRRKRRNLETRNLDPEN 
hZIP6   389 HSHEEPAMEMKRGPLFSHLSSQNIEESAYFDSTWKGLTALGGLYFMFLVEHVLTLIKQFKDKK-KKNQKKPENDDDVEIKKQLSKYESQLSTN------EEKVDTDDRTEGYLRADSQEP 
hZIP7   200 TLEQPG---------------HGHSHSGQGPILSVGLWVLSGIVAFLVVEKFVRHVKGGHGHS-------------------------------HGHGHAHSHTRGSHGHGRQERSTKEK 
hZIP8   193 DSYVEK---------------AVAVFGG--FYLLFFFERMLKMLLKTYG--QNGHTHFGNDNF-------------------------------GPQEKTHQPKALPAINGVTCYANPAV 
hZIP9    66 ILEG---------------------------KHHQASETHNVIASDKAAEKSVVHEHEHS------------------------------------------------------------ 
hZIP10  471 HQHAHG-----HGHSHGHESNKFLEE---YDAVLKGLVALGGIYLLFIIEHCIRMFKHYKQQRGKQKWFMKQNTEESTIGRKLSDHKLNNTPDSDWLQLKPLAGTDDSVVSEDRLNETEL 
hZIP11  110 TTLALNFG----------------------STLMKKKSDPEGPALLFPESELSIRIGRAGLLS--------------------------------------------------------- 
hZIP12  432 APEFGHFHE-------------------SKGHIWKLMGLIGGIHGFFLIEKCFILLVSPNDKQ-----------------------------------------GLSLVNGHVGHSHHLA 
hZIP13  137 SPGGEG---------------QSLQQQQQ-----LGLWVIAGILTFLALEKMFLDSK-------------------------------------------------------------EE 
hZIP14  218 DYYVSK---------------SAVVFGG--FYLFFFTEKILKILLKQKNEHHHGHSHYASESL-------------------------------PSKKDQEEGVMEKLQNGDLDHMIPQH 
 
 
hZIP1   138 --GPSPLEETRALLGTVN--------------------------------------------------GGPQHWHDGPGVPQASGAPATPSALRACVLVFSLALHSVFEGLAVGLQR--- 
hZIP2   129 --GAAGGSTVQDEEWGGA--------------------------------------------------HIFELHSHGHLPSPSKG------PLRALVLLLSLSFHSVFEGLAVGLQP--- 
hZIP3   126 DVGSDSEYESPFMGGARG--------------------------------------------------HALYVEPHGHGPSLSVQGLSRASPVRLLSLAFALSAHSVFEGLALGLQE--- 
hZIP4   447 SHGVSLQLAPSELRQPKPPHE--------------------------------------------GSRADLVAEESPELLNPEPRRLSPELRLLPYMITLGDAVHNFADGLAVGAAF--- 
hZIP5   335 GSGMALQPLQAAPEPGAQGQ---------------------------------------------REKNSQHPPALAPPGHQGHSHGHQGGTDITWMVLLGDGLHNLTDGLAIGAAF--- 
hZIP6   502 SHFDSQQPAVLEEEEVMIAHAHPQEVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHQNHHPHSHSQRYSREELKDAGVATLAWMVIMGDGLHNFSDGLAIGAAF--- 
hZIP7   274 QSSEEEEKETRGVQKRRGG-----------------------------------------------STVPKDGPVRPQNAEEEK--RGLDLRVSGYLNLAADLAHNFTDGLAIGASF--- 
hZIP8   263 TEANGH------IHFDNVS-----------------------------------------------VVSLQDGKKEPSSCTCLKGPKLSEIGTIAWMITLCDALHNFIDGLAIGASC--- 
hZIP9    99 -HDHTQLHAYIGVSLVLG-----------------------------------------------FVFMLLVDQIGNSHVHSTDDPEAARSSNSKITTTLGLVVHAAADGVALGAAAS-- 
hZIP10  583 TDLEGQQESPPKNYLCIEEEKIIDHSHSDGLHTIHEHDLHAAAHNHHGENKTVLRKHN-------HQWHHKHSHHSHGPCHSGSDLKETGIANIAWMVIMGDGIHNFSDGLAIGAAF--- 
hZIP11  151 DKSENGEAYQRKKAAATG---------------------------------------------------LPEGPAVPVPSRGNLAQPGGSSWRRIALLILAITIHNVPEGLAVGVGFGAI 
hZIP12  492 LNSELSDQAGRGKSASTIQLK---------------------------------------------SPEDSQAAEMPIGSMTASNRKCKAISLLAIMILVGDSLHNFADGLAIGAAF--- 
hZIP13  176 GTSQAPNKDPTAAAAALNG-----------------------------------------------GHCLAQPAAEPGLGAVVR-----SIKVSGYLNLLANTIDNFTHGLAVAASF--- 
hZIP14  290 CSSELDGKAPMVDEKVIVG-----------------------------------------------SLSVQDLQASQSACYWLKGVRYSDIGTLAWMITLSDGLHNFIDGLAIGASF--- 
 
 

TM I TM II
 

TM III
 

TM IV
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Figure 1.4 Alignment of the human sequences of the ZIP family of zinc transporters. 
The human sequences of the ZIP transporters were retrieved from the NCBI database with FASTA format and aligned using the ClustalW alignment tool (Swiss Institute of 

Bioinformatics) (Larkin et al., 2007). The aligned sequences were shaded using the BoxShade program (Swiss Institute of Bioinformatics) (available https://embnet.vital-

it.ch/software/BOX_form.html). The black and grey colours show the presence of at least 70% identical or complementary residues, respectively. 

 

 

 

hZIP1   203 ----DRA--RAMELCLALLLHKGILAVSLSLRLLQSHLRAQVVAGCGILFSCMTPLGIGLGAALAES----AGPLH-QLAQSVLEGMAAGTFLYITFLEILPQELASSEQR--------- 
hZIP2   188 ----TVA--ATVQLCLAVLAHKGLVVFGVGMRLVHLGTSSRWAVFSILLLALMSPLGLAVGLAVTGG----DSEGGRGLAQAVLEGVAAGTFLYVTFLEILPRELASPEAP--------- 
hZIP3   193 ----EGE--KVVSLFVGVAVHETLVAVALGISMARSAMPLRDAAKLAVTVSAMIPLGIGLGLGIESA----QGVPG-SVASVLLQGLAGGTFLFITFLEILAKELEEKSDR--------- 
hZIP4   520 ----ASSWKTGLATSLAVFCHELPHELGDFAALLHAGLSVRQALLLNLASALTAFAGLYVALAVGVS----------EESEAWILAVATGLFLYVALCDMLPAMLKVRDPR------PWL 
hZIP5   407 ----SDGFSSGLSTTLAVFCHELPHELGDFAMLLQSGLSFRRLLLLSLVSGALGLGGAVLGVGLSLG---------PVPLTPWVFGVTAGVFLYVALVDMLPALLR------PPEPLPTP 
hZIP6   619 ----TEGLSSGLSTSVAVFCHELPHELGDFAVLLKAGMTVKQAVLYNALSAMLAYLGMATGIFIGHY---------AENVSMWIFALTAGLFMYVALVDMVPEMLHN--DASDHGCSRWG 
hZIP7   342 ----RGGRGLGILTTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLQLLTAVGALAGTACALLTEG--GAVGSEIAGGAGPGWVLPFTAGGFIYVATVSVLPELLREASPLQS------- 
hZIP8   327 ----TLSLLQGLSTSIAILCEEFPHELGDFVILLNAGMSTRQALLFNFLSACSCYVGLAFGILVG-----------NNFAPNIIFALAGGMFLYISLADMFPEMNDMLREKVTGRKTDFT 
hZIP9   169 ----TSQTSVQLIVFVAIMLHKAPAAFGLVSFLMHAGLERNRIRKHLLVFALAAPVMSMVTYLGLSK--SSKEALSEVNATGVAMLFSAGTFLYVATVHVLPEVGGIGHSHKPDATGGRG 
hZIP10  693 ----SAGLTGGISTSIAVFCHELPHELGDFAVLLKAGMTVKQAIVYNLLSAMMAYIGMLIGTAVGQY---------ANNITLWIFAVTAGMFLYVALVDMLPEMLHGDGDNEEHGFCPVG 
hZIP11  220 EKTASATFESARNLAIGIGIQNFPEGLAVSLPLRGAGFSTWRAFWYGQLSGMVEPLAGVFGAFAVVL---------AEPILPYALAFAAGAMVYVVMDDIIPEAQISGNGK--------- 
hZIP12  564 ----SSSSESGVTTTIAILCHEIPHEMGDFAVLLSSGLSMKTAILMNFISSLTAFMGLYIGLSVSAD----------PCVQDWIFTVTAGMFLYLSLVEMLPEMTHVQTQR------PWM 
hZIP13  241 ----LVSKKIGLLTTMAILLHEIPHEVGDFAILLRAGFDRWSAAKLQLSTALGGLLGAGFAICTQSPKGVVGCSPAAEETAAWVLPFTSGGFLYIALVNVLPDLLEEEDPWRS------- 
hZIP14  360 ----TVSVFQGISTSVAILCEEFPHELGDFVILLNAGMSIQQALFFNFLSACCCYLGLAFGILAG-----------SHFSANWIFALAGGMFLYISLADMFPEMNEVCQEDER-KGSILI 
 
 
hZIP1   303 --ILKVILLLAGFALLTGLLFIQI--------- 
hZIP2   289 --LAKWSCVAAGFAFMAFIALWA---------- 
hZIP3   293 --LLKVLFLVLGYTVLAGMVFLKW--------- 
hZIP4   620 LFLLHNVGLLGGWTVLLLLSLYEDDITF----- 
hZIP5   508 HVLLQGLGLLLGGGLMLAITLLEERLLPVTTEG 
hZIP6   724 YFFLQNAGMLLGFGIMLLISIFEHKIVFRINF- 
hZIP7   449 --LLEVLGLLGGVIMMVLIAHLE---------- 
hZIP8   432 FFMIQNAGMLTGFTAILLITLYAGEIELE---- 
hZIP9   283 LSRLEVAALVLGCLIPLILSVGHQH-------- 
hZIP10  800 QFILQNLGLLFGFAIMLVIALYEDKIVFDIQF- 
hZIP11  322 ---LASWASILGFVVMMSLDVGLG--------- 
hZIP12  664 MFLLQNFGLILGWLSLLLLAIYEQNIKI----- 
hZIP13  350 --LQQLLLLCAGIVVMVLFSLFVD--------- 
hZIP14  464 PFIIQNLGLLTGFTIMVVLTMYSGQIQIG---- 
 
 
 

TM V
 

TM VI
 

TM VII
 

TM VIII
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hZIP4     1 ------------------------------MASLVSLELGLLLAVLVVTATASPPAGLLSLLTSGQGALDQEALGGLLNTLADRVHCANGPCGKCLSVEDALGLGEPEGSGLPPGPVLEA 
hZIP5     1 -------------------------------------MMGSPVSHLLAGFCVWVVLG---------------------WVGGSVPNLGPAEQEQNHYLAQLFGLYGENGTLTAGGLARLL 
hZIP6     1 --------------------------------------MARKLSVILILTFALSVTN---PLHELKAAAFPQTTEKISPNWESGINVDLAISTRQYHLQQLFYRYGENNSLSVEGFRKLL 
hZIP7     1 -----------------------------------------------------------------------------MARGLGAPHWVAVGLLTWATLGLLVAGLGGHDDLHDDLQEDFH 
hZIP8     1 ------------------------------------MAPGRAVAGLLLLAAAGLG--------------------------------GVAEGPGLAFSEDVLSVFGANLSLSAAQLQHLL 
hZIP10    1 ----------------------------------MKVHMHTKFCLICLLTFIFHHCNHCHEEHDHGPEALHRQHRGMTELEPSKFSKQAAENEKKYYIEKLFERYGENGRLSFFGLEKLL 
hZIP12    1 MCFRTKLSVSWVPLFLLLSRVFSTETDKPSAQDSRSRGSSGQPADLLQVLSAGDHPPHNHSRSLIKTLLEKTGCPRRRNGMQGDCNLCFEPDALLLIAGGNFEDQLREEVVQRVSLLLLY 
hZIP13    1 ------------------------------------------------------------------------------------------------MPGCPCPGCG-------------- 
hZIP14    1 ---------------------------------MKLLLLHPAFQSCLLLTLLGLWRT---------------------TPEAHASSLGAPAISAASFLQDLIHRYGEGDSLTLQQLKALL 
 
 
hZIP4    91 RYVARLSAAAVLYLSNP------------------------------------------------------------------------EGTCEDARAGLWASHADHLLALLESPKALTP 
hZIP5    63 HSLGLGRVQGLRLGQHG------------------------------------------------------------------------------------------------------- 
hZIP6    80 QNIGIDKIKRIHIHHD-------------------HDHHSDHEHHSDHER----------------------------HSDHEHHSEHEHHSDHDH--HSHHNHAASGKNKRKALCPDHD 
hZIP7    44 GHSHRHSHEDFHHGHSH------------------------------------------------------------------------------------------------------- 
hZIP8    53 EQMGAASRVG---VPEP------------------------------------------------------------------------------------------------------- 
hZIP10   87 TNLGLGERKVVEINHEDLGHDHVSHLDILAVQEGKHFHSHNHQHSHNHLNSENQTVTSVSTKRNHKCDPEKETVEVSVKSDDKHMHDHNHRLRHHHRLHHHLDHNNTHHFHNDSITPSER 
hZIP12  121 YIIHQEEICSSKLNMSN--------------------------------------------------------------KEYKFYLHSLLSLRQDEDSSFLSQNETEDILAFTRQYFDTS 
hZIP13   11 ------------------------------------------------------------------------------------------------------------------------ 
hZIP14   67 NHLDVGVGRGNVTQHVQ------------------------------------------------------------------------------------------------------- 
 
 
hZIP4   139 GLSWLLQRMQARAAGQTPKTACVDIPQLLEEAVGAGAPGSAGGVLAALLDHVRSGSCFHALPSPQYFVDFVFQQHSSEVPMTLAELSALMQRLGVGREAHSDHSHRHRGASSRDPVPLIS 
hZIP5    80 --------------PLTGRAASPAADNSTHRPQNPELSVDVWAGMPLGPSGWGDLEESKAP---------------------------------------HLPRGPAPSGLDLLHRLLLL 
hZIP6   151 SDSSGK---DPRNSQGKGAHRPEHASGRRNVKDSVSASEVTSTVYNTVSEGTHFLETIETPRPGKLFPKDVSSSTPP--------------SVTSKSRVSRLAGRKTNESVSEPRKGFMY 
hZIP7    61 ------------------------------------------------------------------------------------------------------------------------ 
hZIP8    67 ------------------------------------------------------------------------------------------------------------------------ 
hZIP10  207 GEPSNEPSTETNKTQEQSDVKLPKGKRKKKGRKSNENSEVITPGFPPNHDQGEQYEHNRVHKPDRVHNPGHSHVHLPERNGHDPGRGHQDLDPDNEGELRHTRKREAPHVKNNAIISLRK 
hZIP12  179 QSQCMETKTLQKKSGIVSSEGANESTLPQLAAMIITLSLQGVCLGQGNLPSPDYFTEYIFSSLNRTNTLRLSELDQLLNTLWTRSTCIKNEKIHQFQRKQNNIITHDQDYSNFSSSMEKE 
hZIP13   11 ------------------------------------------------------------------------------------------------------------------------ 
hZIP14   84 ------------------------------------------------------------------------------------------------------------------------ 
 
 
hZIP4   259 SSNSSSVWDTVCLSARDVMAAYGLSEQAGVTPEAWAQLSPALLQQQLSGACTSQSRPPVQDQLS-------------QSERYLYGSLATLLICLCAVFGLLLLTCTG----CRGVTHYIL 
hZIP5   147 DHSLADHLNEDCLNGSQLLVNFGLSPAAPLTPRQFALLCPALLYQIDSRVCIGAPAPAPPGDLLS---------------ALLQSALAVLLLSLPSPLSLLLLRLLG-----PRLLRPLL 
hZIP6   254 SRNTNENP-QECFNASKLLTSHGMGIQVPLNATEFNYLCPAIINQIDARSCLIHTSEKKAEIPPKTYSLQ---------IAWVGGFIAISIISFLSLLGVILVPLMN-----RVFFKFLL 
hZIP7    61 -AHGHGHTHESIWHGHTHDHDHGHSHEDLHHGHSHGYSHESLYHRGHGHDHEHSHGGYGESGAPGIKQDLD------AVTLWAYALGATVLISAAPFFVLFLIPVES----NSPRHRSLL 
hZIP8    67 ----GQLHFNQCLTAEEIFSLHGFSNATQITSSKFSVICPAVLQQLNFHPCE--------DRPKHKTRPS-------HSEVWGYGFLSVTIINLASLLGLILTPLIK-----KSYFPKIL 
hZIP10  327 DLNEDDHH-HECLNVTQLLKYYGHGANSPISTDLFTYLCPALLYQIDSRLCIEHFDKLLVEDINKDKNLVPEDEANIGASAWICGIISITVISLLSLLGVILVPIIN-----QGCFKFLL 
hZIP12  299 SEDGPVSWDQTCFSARQLVEIFLQKGLSLISKEDFKQMSPGIIQQLLSCSCHLPKDQQAKLPP-------------TTLEKYGYSTVAVTLLTLGSMLGTALVLFHS----CEENYRLIL 
hZIP13   11 ---------------MAGPRLLFLTALALELLERAGGSQPALRSRGTATACRLDN---KESESWGALLSGE------RLDTWICSLLGSLMVGLSGVFPLLVIPLEMGTMLRSEAGAWRL 
hZIP14   84 ----GHRNLSTCFSSGDLFTAHNFSEQSRIGSSELQEFCPTILQQLDSRACTSENQENEENEQTEEGRPS-------AVEVWGYGLLCVTVISLCSLLGASVVPFMK-----KTFYKRLL 
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 12 

 

 
hZIP4   362 QTFLSLAVGALTGDAVLHLTPKVLGLHTHSEEGLSP------------------------QPTWRLLAMLAGLYAFFLFENLFNLLLPRDPED--------------------------- 
hZIP5   247 GFLGALAVGTLCGDALLHLLPHAQEGRHAGPGGLPE------------------------KDLGPGLSVLGGLFLLFVLENMLGLLRHRG------------------------------ 
hZIP6   359 SFLVALAVGTLSGDAFLHLLPHSHASHHHSHSHEEPAMEMKRGPLFSHLSSQNIEESAYFDSTWKGLTALGGLYFMFLVEHVLTLIKQFKDKK-KKNQKKPENDDDVEIKKQLSKYESQL 
hZIP7   170 QILLSFASGGLLGDAFLHLIPHALEPHSHHTLEQPG---------------HGHSHSGQGPILSVGLWVLSGIVAFLVVEKFVRHVKGGHGHS--------------------------- 
hZIP8   163 TFFVGLAIGTLFSNAIFQLIPEAFGFDPKVDSYVEK-----------------------------AVAVFGGFYLLFFFERMLKMLLKTYG----------------------------- 
hZIP10  441 TFLVALAVGTMSGDALLHLLPHSQGGHDHSHQHAHG-----HGHSHGHESNKFLEE---YDAVLKGLVALGGIYLLFIIEHCIRMFKHYKQQRGKQKWFMKQNTEESTIGRKLSDHKLNN 
hZIP12  402 QLFVGLAVGTLSGDALLHLIPQVLGLHKQEAPEFGHFHE-------------------SKGHIWKLMGLIGGIHGFFLIEKCFILLVSPNDKQ--------------------------- 
hZIP13  107 KQLLSFALGGLLGNVFLHLLPEAWAYTCSASPGGEG---------------QSLQQQQQ-----LGLWVIAGILTFLALEKMFLDSK--------------------------------- 
hZIP14  188 LYFIALAIGTLYSNALFQLIPEAFGFNPLEDYYVSK-----------------------------SAVVFGGFYLFFFTEKILKILLKQKNEH--------------------------- 
 
 
hZIP4   431 ------LEDGPCGHSSHSHGGHSHGVSLQLAPSELRQPKPPHEG----------------------------------------------------SRADLVAEESPELLNPEPRRLSPE 
hZIP5   313 --------LRPRCCRRKRRNLETRNLDPENGSGMALQPLQAAPEPGAQGQ---------------------------------------------REKNSQHPPALAPPGHQGHSHGHQG 
hZIP6   478 STN------EEKVDTDDRTEGYLRADSQEPSHFDSQQPAVLEEEEVMIAHAHPQEVYNEYVPRGCKNKCHSHFHDTLGQSDDLIHHHHDYHHILHHHHHQNHHPHSHSQRYSREELKDAG 
hZIP7   248 --HGHGHAHSHTRGSHGHGRQERSTKEKQSSEEEEKETRGVQKRR---------------------------------------------------GGSTVPKDGPVRPQNAEEEKRGLD 
hZIP8   225 --QNGHTHFGNDNFGPQEKTHQPKALPAINGVTCYANPAVTEANGH------IHFDNVS-------------------------------------VVSLQDGKKEPSSCTCLKGPKLSE 
hZIP10  553 TPDSDWLQLKPLAGTDDSVVSEDRLNETELTDLEGQQESPPKNYLCIEEEKIIDHSHSDGLHTIHEHDLHAAAHNHHGENKTVLRKHN-------HQWHHKHSHHSHGPCHSGSDLKETG 
hZIP12  476 ---------GLSLVNGHVGHSHHLALNSELSDQAGRGKSASTIQLK--------------------------------------------------SPEDSQAAEMPIGSMTASNRKCKA 
hZIP13  174 --------------------------EEGTSQAPNKDPTAAAAAL---------------------------------------------------NGGHCLAQPAAEPGLGAVVR---S 
hZIP14  252 --HHGHSHYASESLPSKKDQEEGVMEKLQNGDLDHMIPQHCSSELDGKAPMVDEKVIVG-------------------------------------SLSVQDLQASQSACYWLKGVRYSD 
 
 
hZIP4   493 LRLLPYMITLGDAVHNFADGLAVGAAFASSWKTGLATSLAVFCHELPHELGDFAALLHAGLSVRQALLLNLASALTAFAGLYVALAVG----------VSEESEAWILAVATGLFLYVAL 
hZIP5   380 GTDITWMVLLGDGLHNLTDGLAIGAAFSDGFSSGLSTTLAVFCHELPHELGDFAMLLQSGLSFRRLLLLSLVSGALGLGGAVLGVGLS---------LGPVPLTPWVFGVTAGVFLYVAL 
hZIP6   592 VATLAWMVIMGDGLHNFSDGLAIGAAFTEGLSSGLSTSVAVFCHELPHELGDFAVLLKAGMTVKQAVLYNALSAMLAYLGMATGIFIG---------HYAENVSMWIFALTAGLFMYVAL 
hZIP7   315 LRVSGYLNLAADLAHNFTDGLAIGASFRGGRGLGILTTMTVLLHEVPHEVGDFAILVQSGCSKKQAMRLQLLTAVGALAGTACALLTEG--GAVGSEIAGGAGPGWVLPFTAGGFIYVAT 
hZIP8   300 IGTIAWMITLCDALHNFIDGLAIGASCTLSLLQGLSTSIAILCEEFPHELGDFVILLNAGMSTRQALLFNFLSACSCYVGLAFGILVG---------NNFAPN--IIFALAGGMFLYISL 
hZIP10  666 IANIAWMVIMGDGIHNFSDGLAIGAAFSAGLTGGISTSIAVFCHELPHELGDFAVLLKAGMTVKQAIVYNLLSAMMAYIGMLIGTAVG---------QYANNITLWIFAVTAGMFLYVAL 
hZIP12  537 ISLLAIMILVGDSLHNFADGLAIGAAFSSSSESGVTTTIAILCHEIPHEMGDFAVLLSSGLSMKTAILMNFISSLTAFMGLYIGLSVS----------ADPCVQDWIFTVTAGMFLYLSL 
hZIP13  214 IKVSGYLNLLANTIDNFTHGLAVAASFLVSKKIGLLTTMAILLHEIPHEVGDFAILLRAGFDRWSAAKLQLSTALGGLLGAGFAICTQSPKGVVGCSPAAEETAAWVLPFTSGGFLYIAL 
hZIP14  333 IGTLAWMITLSDGLHNFIDGLAIGASFTVSVFQGISTSVAILCEEFPHELGDFVILLNAGMSIQQALFFNFLSACCCYLGLAFGILAG---------SHFSAN--WIFALAGGMFLYISL 
 
 
hZIP4   603 CDMLPAMLKVR------DPRPWLLFLLHNVGLLGGWTVLLLLSLYEDDITF----- 
hZIP5   491 VDMLPALLR------PPEPLPTPHVLLQGLGLLLGGGLMLAITLLEERLLPVTTEG 
hZIP6   703 VDMVPEMLHN--DASDHGCSRWGYFFLQNAGMLLGFGIMLLISIFEHKIVFRINF- 
hZIP7   433 VSVLPELLRE---------ASPLQSLLEVLGLLGGVIMMVLIAHLE---------- 
hZIP8   409 ADMFPEMNDMLREKVTGRKTDFTFFMIQNAGMLTGFTAILLITLYAGEIELE---- 
hZIP10  777 VDMLPEMLHGDGDNEEHGFCPVGQFILQNLGLLFGFAIMLVIALYEDKIVFDIQF- 
hZIP12  647 VEMLPEMTHVQ------TQRPWMMFLLQNFGLILGWLSLLLLAIYEQNIKI----- 
hZIP13  334 VNVLPDLLEE---------EDPWRSLQQLLLLCAGIVVMVLFSLFVD--------- 
hZIP14  442 ADMFPEMNEVCQEDER-KGSILIPFIIQNLGLLTGFTIMVVLTMYSGQIQIG---- 
 
 
 

TM II TM III 

TM IV TM V TM VI
 

TM VII 

TM VIII
 

HEXPHEXGD 

Figure 1.5 Alignment of the LIV-1 subfamily of the zinc transporters. 

As all the members of the ZIP family, the LIV-1 subfamily members show 8 

transmembrane domains with a long N-terminus and a short C-terminus. 

The long cytoplasmic loop between TM III and TM IV does not express high 

similarities which suggest that they may undergo different regulation. They 

also show a CPALLY domain and the HEXPHEXGD motif. 
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Figure 1.6 Schematic of predicted membrane topology of the LIV-1 subfamily members. 
Most of the members of the LIV-1 subfamily of ZIP transporters have a long N- terminal domain and a 
short C-terminal domain. They all have a long cytoplasmic loop between the third and fourth 
transmembrane domain and most of them are rich in histidine residues, which have a potential role in zinc 
transport. In TM V domain there is the consensus motif HEXPHEXGD which is similar to the zinc binding 
site of the metalloproteinases zincins (Hooper, 1994). 
 

1.1.4 Zinc handling in cells 
Intracellular zinc signalling is often classified into fast or early signalling and late 

signalling. Fast signalling does not require the synthesis of proteins, whereas the late 

signalling needs the transcription of genes such as zinc transporters and can take place 

within hours (Taiho, 2014). Since the amount of labile cytoplasmic zinc is very low, the 

binding of zinc to proteins is critical for its role in human biology. Cytoplasmic zinc needs 

to be tightly controlled to sustain proper zinc signalling. The availability of labile zinc is 

governed by buffering reactions which control the overall level of zinc in the cytoplasm 

(Colvin et al., 2010). In fact, in steady state conditions, the role of a zinc-binding protein 

is to buffer the amount of zinc ions to a picomolar cytoplasmic leve l. In contrast, in non-

steady state conditions, proteins and transporters cooperate in order to maintain the 

proper zinc level in response to a change of intracellular zinc. This process is called 

muffling (Colvin et al., 2010). Zinc entering the cells was predicted by a “muffler” 

hypothesis which suggests that when zinc enters the cell, it is immediately buffered in a 

zinc “muffler” before being sequestered inside the intracellular stores, possibly by a ZnT 

transporter (Colvin et al., 2008). These buffering agents, acting as a zinc “muffler”, are 

thought to be metallothionein or glutathione which bind zinc tightly (Krężel, Hao & 

Maret, 2007). Muffling allows the restoration of a correct steady state zinc 

LIV-1 SUBFAMILY
I II III IV V VI VII VIII

N-term C-term

Cytoplasm

HIS
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concentration (Colvin et al., 2010). This process classifies zinc as a second messenger in 

a manner which is likely to be akin to calcium, whereby within minutes of an 

extracellular stimulus there is a change of zinc gradient across the membranes which 

leads to the activation of intracellular signalling events (Yamasaki et al., 2007). 

 

1.1.5 Zinc in human health and diseases 
 The role played by zinc in the control of several mechanisms which are necessary 

for human health, highlights its importance in the body. It is well established that 

imbalance of zinc in the body can be detrimental for both humans and animals. 

 

Zinc deficiency has been associated with several dysfunctions such as skin 

changes, slowed growth, brain development disorders, hypogonadism, human lethargy 

and impaired immunity (Todd, Elvehjem & Hart, 1933; Prasad, Halsted & Nadimi, 1961; 

Prasad, 1995) (Figure 1.7). However, these conditions can be overcome by increasing 

zinc intake. Zinc deficiency is involved in several aspects of adaptive and innate 

immunity, which include lymphopenia, thymic atrophy and altered thymic hormones 

that can cause increased duration of infection (reviewed by Fukada et al. 2011). 

Moreover, zinc is known for its importance in the healing process, as zinc deficiency is 

associated with a delayed wound healing process (Lansdown et al., 2007). Another 

disease associated with zinc deficiency is called acrodermatitis enteropathica, which is 

a rare disease due to downregulation or mutation of ZIP4, a zinc transporter involved in 

zinc absorption in the intestine (Dufner-Beattie et al., 2007). This disease can be lethal 

if not treated with zinc supplementation. Conversely, an excess of zinc can also be 

detrimental and toxic for health, leading to increased migration and exaggerated cell 

growth (Hogstrand et al., 2009). Zinc excess is also associated with nausea, vomiting and 

diarrhoea (Brown et al., 1964). Moreover, high supplementation of zinc can induce 

copper deficiency long term, due to the competition of zinc and copper absorption 

mediated by metallothioneins (Van Campen, 1969; Ogiso, Ogawa & Miura, 1978) (Figure 

1.7). 
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Figure 1.7 Zinc imbalance can be detrimental for human health. 
Both zinc deficiency and zinc excess can be harmful to humans, as associated with different conditions 
(Plum, Rink & Haase, 2010). For this reason, it is important that zinc homeostasis is tightly controlled. 
 

Zinc dysregulation has been observed in several important diseases such as 

neurodegeneration (Frederickson & Bush, 2001), diabetes (Chimienti, Favier & Seve, 

2005; Wenzlau et al., 2007; Mocchegiani, Giacconi & Malavolta, 2008) and cancer 

(Franklin et al., 2005; Taylor et al., 2007). Zinc in the brain is known to be important as 

a neuromodulator in synaptic transmission (Sensi et al., 2009) and it was observed that 

high level of zinc can induce neuronal death (Kim & Koh, 2002). Moreover, zinc has been 

associated to Alzheimer’s disease, as zinc was found to be present in the amyloid 

plaques (Bush et al., 1994; Garai et al., 2006), typical hallmark of this disorder. Zinc is 

also important in the control of insulin-receptor signalling transduction (Haase & Maret, 

2005b) and of insulin storage and secretion (Figlewicz et al., 1984). This evidence would 

explain why a previous study had revealed the possibility that abnormal zinc metabolism 

may predispose to diabetes mellitus (Kinlaw et al., 1983). The role of zinc in cancer can 

be explained by its important requirement for gene expression, signal transduction and 

cell survival. Zinc is also related to cell cycle progression (G1 and G2 phases) (Chesters & 

Petrie, 1999; Li & Maret, 2009) and it is important for the function of several cyclins, so 

it is possible that cancer cells use more zinc than usual during their uncontrolled growth. 

Moreover, zinc inhibits tyrosine phosphatases (Haase & Maret, 2003), preventing the 

dephosphorylation and deactivation of an extensive number of tyrosine kinase 

receptors that are normally overexpressed and activated in cancer (Taylor et al., 2008). 

Zinc deficiency Zinc excess 

ØDiarrhoea
ØEpigastric pain
ØNausea
ØCopper deficiency
Ø Increased cell growth

Ø Impaired immunity
Ø Skin lesions
ØDecreased wound healing
ØAcrodermatitis enteropathica
Ø Infertility
ØRetarded genital 

development
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Tyrosine phosphatase inhibition would explain the widespread activation of tyrosine 

kinases seen in cells with elevated levels of zinc (Taylor et al., 2012). In this respect, it 

was discovered that the protein tyrosine phosphatase PTP1B, a phosphatase which is 

known to be overexpressed in breast cancer (Wiener et al., 1994) and associated with 

tumorigenesis (Julien et al., 2007), is inhibited by zinc (Bellomo et al., 2014). Zinc is also 

involved in the activation of the widely active EGF receptor and MAPK molecules that 

both have a key role in breast cancer (Wu et al., 1999). Zinc levels were discovered to 

be altered in serum and cancer tissues of different varieties of cancer (Mulay et al., 

1971). Although serum zinc appears to be low in most cancers, breast and lung cancer 

tissues show higher levels of zinc (Schwartz & Schwartz, 1975; Margalioth, Schenker & 

Chevion, 1983) with almost a double amount of zinc in breast cancer when compared to 

benign breast tissue (Jin et al., 1999). Despite the fact that zinc measurements are still 

controversial between the amount of zinc measured in the serum and its level in tissues, 

the increase of zinc in breast cancer tissue is significant (Margalioth, Schenker & 

Chevion, 1983; Jin et al., 1999). Furthermore, the difference observed between serum 

and tissue zinc level can be explained by the fact that zinc binds albumin in the serum 

(Stewart et al., 2003), making it less available. 

 

1.1.6 Zinc and apoptosis 
Apoptosis is a programmed cell death that allows for the safe removal of cells 

that are damaged or superfluous without affecting neighbouring cells. The mechanism 

involves several processes such as cell shrinkage, DNA fragmentation, condensation of 

the cytoplasm and changes in the phospholipid composition, resulting in apoptotic 

bodies that are normally removed by macrophage-mediated efferocytosis (Kerr, 2002). 

Failure of this system can lead to accumulation of apoptotic bodies that can eventually 

culminate in the activation of pro-inflammatory reactions (Zalewski, 2011). The 

involvement of zinc in apoptosis has been controversial in the last decades as both zinc 

deficiency and zinc excess have been associated with apoptosis (Kim et al., 1999; Fraker, 

2005). This controversial data may be due to the different type of cells or tissue used in 

each study. Most of the investigations showing zinc as a potent inducer of apoptosis 

involved neuronal cells (Kim et al., 1999). However, other studies have seen the same 

effect on mouse dendritic cells and pancreatic cancer cells (Shumilina et al., 2010; 

Jayaraman & Jayaraman, 2011). On the other hand, zinc deficiency was reported to 
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induce programmed cell death in hepatocytes, glioma, kidney, fibroblast and testicular 

cells (Nodera, Yanagisawa & Wada, 2001; Ho, Courtemanche & Ames, 2003; Verstraeten 

et al., 2004; Fraker, 2005). Therefore, it is difficult to conclude whether a cell is protected 

or not by a rise in intracellular zinc as it may vary in each cell compartment. The actual 

level of zinc will depend on the presence or absence of zinc transporters and also of zinc-

binding proteins such as metallothioneins (Zalewski, 2011). 

 

1.1.7 Zinc transporters and cancer 
The discovery of the implications of zinc transporters in multiple diseases has 

shined new light on zinc investigations, in particular its involvement in cancer and cell 

cycle signalling (Beyersmann & Haase, 2001; Pan et al., 2017; Ziliotto, Ogle & Taylor, 

2018). Table 1.1 shows the involvement of different ZnT and ZIP transporters in a variety 

of different cancer types (reviewed by Pan et al., 2017). The first evidence of the 

involvement of the LIV-1 subfamily of zinc transporters in cancer was reported in breast 

cancer, where dysregulation of ZIP6 was observed (Manning et al., 1995). Other 

evidence of zinc involvement in cancer was reported in prostate cancer, where 

dysregulation of zinc transporters includes ZIP1-3 and ZnT4 (Jong & McKeage, 2014). 

Zinc levels in prostate cancer decrease, in contrast with normal prostate tissue where 

zinc levels are high (Costello & Franklin, 1998). This finding was a result of down-

regulation of the ZIP transporters, in particular of ZIP1 (Franklin et al., 2005) and 

alteration of the zinc efflux transporter ZnT4 (Henshall et al., 2003). ZIP4, another 

member of the LIV-1 subfamily, has been associated with the development and growth 

of pancreatic cancer (Li et al., 2007). Its expression was reported to be more than five 

times increased in cancer compared to normal tissue (Li et al., 2007) and associated with 

repression of apoptosis, increased migration and enhancement of the cell cycle (Weaver 

et al., 2010). This was demonstrated by the fact that silencing ZIP4 expression led to 

decreased proliferation, migration and tumour volume in several pancreatic cancer cell 

lines (Li et al., 2009). 

 

Recent studies have also associated ZIP14 with cancer (Jenkitkasemwong et al., 

2012). In particular, downregulation of ZIP14 was associated with hepatocellular cancer, 

where intracellular zinc levels were observed to be significantly decreased in both the 

early and advanced stages of the malignancy when compared to normal tissue (Franklin 
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et al., 2012). Conversely, other studies have seen enriched expression of an alternatively 

spliced gene of ZIP14 in colorectal cancer (Thorsen et al., 2011). Samples of renal cell 

carcinoma have been associated with increased expression of ZIP10 mRNA, suggesting 

the possibility of its use as a marker of aggressiveness in renal carcinoma (Pal et al., 

2014). 

 

Cancer type Zinc transporters 

Prostate cancer ZnT1, ZnT3, ZnT4, ZIP1, ZIP2, ZIP3, ZIP4, ZIP6, ZIP9 

Breast cancer ZnT2, ZIP6, ZIP7, ZIP9, ZIP10 

Oesophageal cancer ZnT7, ZIP5, ZIP6 

Lymphoblastic leukaemia ZnT1 

Pancreatic cancer ZIP3, ZIP4, ZIP6 

Hepatocellular cancer ZIP4, ZIP14 

Glioma ZIP4, ZIP11 

Cervical cancer ZIP6 

Hepatic cancer ZIP6 

Kidney cancer ZIP10, ZIP11 

Bladder cancer ZIP11 

 
Table 1.1 Zinc transporters and cancer.  
The table shows the involvement of different ZnT and ZIP transporters in a variety of different cancer types 
(reviewed by Pan et al., 2017). 

 

Furthermore, many studies have associated ZIP7, ZIP6 and ZIP10 with breast 

cancer (Manning et al., 1995; Mcclelland et al., 1998; Kagara et al., 2007; Taylor, 2008). 

The involvement of individual zinc transporters in breast cancer will be discussed in 

detail in the next sections. 

 

1.2 Zinc transporters and breast cancer 
1.2.1 Breast cancer and endocrine resistance 

Breast cancer is a severe malignancy that develops from breast cells and it is 

considered to be one of the main health issues around the world (Bray et al., 2018), even 

though mortality rates have started to decrease in the last decades, in particular in 

European countries (Levi et al., 2004). The decrease in mortality is certainly due to more 
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widespread early screening, more precise diagnosis and improvements in treatment 

(Carioli et al., 2018). However, breast cancer still remains one of the most common 

cancers among women (Bray et al., 2018). There are several factors that are associated 

with a higher risk of breast cancer: having a relative with a previous history of breast 

cancer, late age at first pregnancy, absence or short term of breastfeeding, use of 

contraceptives, long menstrual history and nulliparity or use of postmenopausal therapy 

(Veronesi et al., 2005; Sun et al., 2017). Breast tumours are phenotypically very different 

from each other and Perou et al. showed that this heterogeneity was accompanied by a 

huge diversity in gene expression (Perou et al., 2000). Typical immunohistochemical 

biomarkers of breast cancer are: PR (progesterone receptor), ER (oestrogen receptor) 

and HER2 (human epidermal growth factor receptor 2) (Vallejos et al., 2010) along with 

different clinicopathological parameters such as tumour size, grade and nodal 

involvement (Dai et al., 2015). The evaluation of these parameters is necessary in order 

to establish the proper therapy to be undertaken. 

Breast cancer at its first stage is usually removed by surgery, followed by postoperative 

radiotherapy and systematic control through hormonal therapy and/or chemotherapy 

(Veronesi et al., 2005). 

 

Almost 70% of breast carcinomas express the oestrogen receptor (ER), so initial 

breast cancer characterisation tests for ER are performed to discover whether the 

cancer is ER-positive or negative (Hanstein et al., 2004). There are two different types 

of oestrogen receptor: ERa and ERb (Nilsson et al., 2001). While the implication of ERa 

in breast cancer has been known for a long time, the role of ERb has only been 

elucidated in recent years (Kuiper et al., 1996; Mosselman, Polman & Dijkema, 1996; 

Paternia et al., 2015). ERb exhibits its effect mainly on the prostate and immune system 

and can counteract the hyperproliferative effect of ERa. In contrast, ERa exerts its 

function mainly on the mammary gland and uterus, hence its crucial role in breast cancer 

(Paternia et al., 2015). Oestrogens, the ligand of this receptor, play a pivotal role in the 

growth and development of breast cancer (Johnston, 2004). The discovery of the 

involvement of oestrogen in breast cancer led to the use of endocrine therapy. 

Oestrogen receptors are the main target for ER-positive breast cancer which involves 

the use of selective receptor modulators named SERMs (selective estrogen receptor 
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modulators), pure antagonist or aromatase inhibitors to block the action or production 

of oestrogens (Williams & Lin, 2013). Oestrogens stimulate gene expression and the 

production of proteins which are important for the growth and function of breast cells, 

but they are also implicated in cancer growth and metastasis. Indeed, the main role of 

anti-oestrogens is indeed to compete with the endogenous ligand to bind ER, causing 

inhibitory effects on responsive breast cancer (Williams & Lin, 2013). However, these 

agents differ from each other in the way they act towards the ER. SERMs represent a 

class of drugs used in breast cancer therapy that show a partial agonist and antagonist 

response on the oestrogen receptor (Dutertre & Smith, 2000). Tamoxifen, the most 

common SERM drug used in breast cancer therapy, is used as a first-line endocrine 

therapy (Johnston, 2004). Its partial oestrogen receptor agonist activity and its 

metabolites were hypothesised to be involved in the acquisition of tamoxifen-induced 

growth, which can be reversed by the use of other agents with no agonist activity 

(Johnston, 2004). 

 

An alternative therapy to tamoxifen is the use of a pure antagonist of the 

oestrogen receptor called fulvestrant (FaslodexÒ), a steroidal drug that blocks receptor 

activity and also leads to the degradation of ER proteins (Williams & Lin, 2013). However, 

this drug is normally used as a second-line treatment when the tumour starts to develop 

resistance to tamoxifen treatment (Robertson et al., 2014). The other possible strategy 

to target ER-positive breast cancer is the use of an aromatase inhibitor. Aromatase is an 

enzyme involved in the conversion of androgens into oestrogens, thus indirectly 

targeting the activity of the ER (Williams & Lin, 2013). The most common aromatase 

inhibitors used in therapy are anastrozole, letrozole and exemestane and they are 

commonly used in post-menopausal women (Miller, 2004). Aromatase inhibitors are 

now considered the first adjuvant standard care in the treatment of oestrogen positive 

breast cancer in post-menopausal women (Robertson et al., 2014). Nevertheless, since 

both aromatase inhibitors and fulvestrant have a high toxicity in the treatment of 

women with functional ovaries, these drugs have not yet replaced the efficacy and use 

of tamoxifen in the treatment of pre-menopausal women with ER-positive breast cancer 

(Clarke, Tyson & Dixon, 2015). 
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Other new promising drugs in the treatment of breast cancer are CDK4 and CDK6 

inhibitors, which act as downregulators of the cell cycle and aim at reducing the size and 

proliferation of the tumour. These drugs are now under investigation in several clinical 

trials having shown the ability of inducing an immune response that can be helpful in 

combination with new therapies for the treatment of breast cancer (Goel et al., 2017). 

Despite these promising new studies, the development of endocrine resistance remains 

one of the main burdens in clinics, especially in the management of ER-positive breast 

cancer (Clarke, Tyson & Dixon, 2015). New targets and biomarkers of resistance need to 

be discovered in order to help dissect the development of resistance. 

 

1.2.2 Zinc transporter ZIP7 
The “muffler” hypothesis, whereby zinc entering the cell is deposited in 

intracellular stores, increases the importance of the role of ZIP7, residing on the 

endoplasmic reticulum store membrane (Taylor et al., 2004), and uniquely responsible 

for releasing zinc into the cytoplasm (Taylor, 2008) (Figure 1.8). Recent investigations 

demonstrated that ZIP7 is unable to release zinc from stores until it is activated by 

protein kinase CK2 phosphorylation on two serine residues (S275 and S726), situated in 

the long intracellular loop between TM III and TM IV (Taylor et al., 2012). 

 

Our group have produced a mouse monoclonal antibody which was confirmed 

to bind ZIP7 only when phosphorylated on these two residues (Nimmanon et al., 2017). 

Moreover, our group have recently investigated two other potential phosphorylation 

sites of ZIP7 (S293 and T294) and have surprisingly discovered that they can contribute 

partially to the maximal activation of ZIP7. However, this mechanism could be due to 

hierarchal phosphorylation induced by CK2, which is yet to be fully deciphered 

(Nimmanon et al., 2017). In any event, the activation induced by CK2 leads to the release 

of zinc from the endoplasmic reticulum store to the cytoplasm (Taylor et al., 2012). This 

mechanism explains how zinc was classified as a second messenger, being released from 

stores within minutes of an extracellular stimulus, resulting in increased cytosolic zinc 

leading to multiple downstream effects on cell signalling pathways (Yamasaki et al., 

2007). In mast cells, it was seen that increase of calcium concentration resulted in zinc 

release from the endoplasmic reticulum, also called “zinc wave” (Yamasaki et al., 2007). 

One of the downstream effects induced by zinc release is the inhibition of tyrosine 
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phosphatases which can play a significant role in maintaining activated pathways that 

are important in diseases such as cancer (Taylor et al., 2012). It was recently discovered 

that pathways such as MAPK, mTOR, PI3K-AKT, pathways that are involved in cell 

survival and normally hyperactivated in cancer, are directly downstream of ZIP7-

mediated zinc release (Nimmanon et al., 2017) (Figure 1.8). 

 

 
Figure 1.8 Schematic model of zinc mobilisation in cells mediated by ZIP7. 
When zinc enters the cell, potentially by a ZIP transporter, it is immediately buffered in the zinc "muffler" 
before being sequestered inside intracellular stores. After the activation of ZIP7, mediated by CK2, the zinc 
is released from the store. ZIP7-mediated zinc release is involved in the activation of downstream 
pathways such as MAPK, AKT and mTOR (Nimmanon et al., 2017). 
 

Evidence of ZIP7 abundance in tumours showed it to be one of the top 10% genes 

overexpressed in many poor prognostic cancer states (Hogstrand et al., 2009). This 

placed ZIP7 at a hub for the regulation of cell growth and suggested it as a potential 

target in a number of diseases in which the prevention of downstream pathways 

induced by tyrosine kinase activation would be therapeutically important (Hogstrand et 

al., 2009). Moreover, the requirements of CK2 for the activation of ZIP7 suggested that 

these two molecules collaborate to mediate zinc signalling, assuming also an important 

role in cell survival (Taylor et al., 2012). 

 
1.2.3 ZIP7 and breast cancer 

Our group have been investigating endocrine resistance in breast cancer for 

many years, and it was surprising to discover the implication of ZIP7 in this mechanism. 

INTRACELLULAR*
STORES

ZIP*transporter

ZIP7

ZnT transporter

ZnT1

Zinc*
wave

ZINC

Metallothionein
and/or*
glutathione

P
P

MUFFLER

CK2

AKT

GSK3β
mTOR

PI3KMAPK



 23 

Having the availability in our group of a model of tamoxifen-resistance, it was found that 

this resistant model exhibited a significant increase in the expression of ZIP7 (Taylor et 

al., 2007), together with an increase in intracellular zinc (Taylor et al., 2008). It was 

demonstrated that silencing ZIP7 in this model of tamoxifen resistance prevented 

activation of EGFR, IGF-1R and Src signalling, all hallmarks of aggressive cancer, which 

was accompanied by a significant reduction of intracellular zinc (Taylor et al., 2008). This 

could stem from the capability of zinc to inhibit tyrosine phosphatases (Haase & Maret, 

2003), highlighting the important role played by ZIP7 in the mobilisation of zinc in the 

cytoplasm. Moreover, expression of ZIP7 was shown to be associated with the antigen 

Ki67, a breast cancer proliferation marker, and to those cancers with high grade lymph 

nodes spread (Taylor et al., 2007), suggesting its association with aggressive phenotypes 

of breast cancer. Furthermore, ZIP7 also showed a significant association with STAT3 

(signal transducer and activator of transcription 3) (Taylor et al., 2007), a protein which 

is known for its role as an oncogene (Bromberg et al., 1999). 

 

This evidence together with our recent discovery of the mechanism of ZIP7 

activation and associated downstream pathways (Taylor et al., 2012; Nimmanon et al., 

2017), paves the way for further analyses in order to understand the correlation 

between ZIP7 and the development of more aggressive phenotypes in breast cancer. 

 

1.2.4 Zinc transporter ZIP6 
ZIP6 (also termed SLC39A6, LIV-1) was the first member of the LIV-1 subfamily to 

be described. ZIP6 is an oestrogen-regulated gene (Mcclelland et al., 1998) that has been 

linked to oestrogen receptor-positive breast cancer (Manning et al., 1995), especially 

those with the capability to spread to the lymph nodes (Mcclelland et al., 1998). In fact, 

the highest expression of ZIP6 mRNA was seen in the prostate, mammary gland and 

placenta, which are all controlled and regulated by sex steroid hormones (Taylor et al., 

2004). 

 

Moreover, ZIP6 has been demonstrated to cause EMT (epithelial-mesenchymal 

transition), a crucial event in embryonic development, in a mechanism involving 

transcription factor STAT3 (Hogstrand et al., 2013). The key event of EMT is the loss of 

intracellular adhesion together with the required remodelling of the cytoskeleton, 
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creating a higher predisposition to migration (Kalluri & Weinberg, 2009). The loss of 

intracellular adhesion is mainly due to the loss of E-cadherin, the main component of 

adherens junctions, which establishes intracellular adhesion through a mechanism 

involving Ca2+-dependent homophilic binding (Kalluri & Weinberg, 2009). The 

expression of E-cadherin is an essential event in tissue organisation and development 

with alterations of its expression occurring as a consequence of transcriptional 

repression and often seen during embryogenesis and carcinogenesis (Kalluri & 

Weinberg, 2009). In particular, in carcinogenesis the loss of E-cadherin can lead to 

tumour cell migration and invasion, crucial events in tumour progression (Onder et al., 

2008). The main transcriptional regulator of E-cadherin is Snail which is implicated in 

many processes taking place during embryonic development, such as morphogenesis, 

cell division and mesoderm differentiation (Leptin & Grunenwald, 1990). Snail binds 

DNA-binding sequences involved within the E-cadherin promoter, leading to the 

repression of E-cadherin (Cano et al., 2000; Batlle et al., 2000). 

 

ZIP6 is expressed as a pro-protein in the endoplasmic reticulum and it undergoes 

N-terminal cleavage at a predicted PEST cleavage site (Taylor et al., 2003) before its 

relocation to the plasma membrane where it can finally mediate zinc transport 

(Hogstrand et al., 2013) (Figure 1.9). A PEST sequence is a region in the peptide sequence 

which is rich in proline (P), glutamic acid (E), serine (S) and threonine (T), hence the name 

PEST. This characteristic is important as it is associated with a protein having a short 

half-life (Rechsteiner & Rogers, 1996). ZIP6 was demonstrated to drive EMT in a 

mechanism which involves both the transcription factor STAT3 and Snail (Hogstrand et 

al., 2013). STAT3 was shown to transactivate the expression of ZIP6 during gastrulation 

in zebrafish, and ZIP6 was shown to be essential for the nuclear localisation of Snail 

leading to the repression of E-cadherin (Yamashita et al., 2004). STAT3 is known to have 

a crucial role in cancer formation and progression (Bromberg et al., 1999; Bromberg, 

2002). Many human malignancies have indeed shown increased activation of STAT3, 

including breast cancer and breast-cancer-derived cell lines (Taylor, Hiscox & Nicholson, 

2004). Activation of STAT3 results in the activation of several genes involved in cell 

proliferation, cell invasion, angiogenesis, metastasis and immune function (Haura, 

Turkson & Jove, 2005). 
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Furthermore, the activation of ZIP6 was shown to induce the phosphorylation of 

GSK3β through a direct mechanism (Ilouz et al., 2002) or through the action of AKT, 

another kinase activated in response to zinc (Lee et al., 2009). The phosphorylation of 

GSK3β triggers its inactivation, making it unable to phosphorylate Snail, which remains 

in the nucleus acting as an E-cadherin transcriptional repressor (Hogstrand et al., 2013) 

(Figure 1.9). This ability of ZIP6 to cause cell detachment was confirmed in breast cancer 

cell lines showing an increased population of non-adherent cells which had higher 

expression of ZIP6 (Hogstrand et al., 2013). All this evidence together suggests how ZIP6 

could be an important link between cancer and normal development. 

 

 

Figure 1.9 Schematic of the role of ZIP6 in EMT. 
ZIP6 is expressed as a pro-protein in the endoplasmic reticulum [1] where it undergoes a proteolytic 
cleavage [2] before being relocated on the plasma membrane [3-4]. The ZIP6-mediated zinc transport 
leads to the inhibition of GSK-3b, either by a direct mechanism or with the help of AKT, which is activated 
by zinc as well [5]. The inhibition of GSK-3b leads to the retention of Snail in the nucleus [6] where it acts 
as a repressor of E-cadherin [7], resulting in cell rounding and detachment [8] (Hogstrand et al., 2013). 

 

1.2.5 Zinc transporter ZIP10 
ZIP10 is the most similar homologue to ZIP6 within the LIV-1 subfamily of ZIP 

transporters, and it resides mainly on the plasma membrane (Lichten et al., 2011). This 

zinc transporter is known to have an important role in B cell maturation and survival, as 

a model of a ZIP10 knockout showed a decreased humoral immune response (Hojyo et 
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al., 2014). Moreover, it promotes survival by inhibition of caspase activation, proteins 

which are essential in the regulation of apoptosis (Miyai et al., 2014). ZIP10 was also 

found to be involved in skin development via upregulation of p63, a regulator of 

epidermal progenitor and modulation of zinc intake (Bin et al., 2017). 

 

ZIP10, similarly to ZIP6, was also associated with invasive breast cancer and its 

metastasis to lymph nodes (Kagara et al., 2007). The expression of ZIP10 and its role in 

zinc homeostasis involves a STAT3-dependent mechanism, as was also seen for ZIP6. 

This mechanism involves cytokine stimulation which acts as the first signal for the 

activation of the JAK-STAT proteins, resulting in zinc mobilisation through the action of 

ZIP10 (Miyai et al., 2014). ZIP10 was recently found to form a heteromer with ZIP6, 

which is involved in EMT in breast cancer cells via GSK3β inactivation and 

downregulation of E-cadherin (Taylor et al., 2016). Moreover, analysis of renal cell 

carcinoma in comparison to associated normal tissue has revealed a significant increase 

of ZIP10 expression in the high grade tumour (Pal et al., 2014), highlighting its 

importance in driving the aggressiveness of renal carcinoma. Considering the 

involvement of the STAT3 signalling pathway in oncogenesis and the higher levels of 

ZIP10 expression seen in various types of cancer, it suggests a potentially important role 

for ZIP10 in cancer (Miyai et al., 2014). ZIP10 expression is upregulated in zinc deficient 

cells, and downregulated in zinc excess conditions (Lichten et al., 2011). Similar to ZIP6, 

ZIP10 undergoes a proteolytic cleavage which is essential for its function and which will 

be discussed in further detail later in this chapter. 

 

1.3 The involvement of zinc transporters in the regulation of the cell cycle 
1.3.1 Cell cycle 
 The cell cycle comprises all those events that prepare a cell for its cell division, 

also called mitosis. It is divided into four stages called: G1, S, G2 and M phase (Figure 

1.10) (Sisken & Morasca, 1965). When a cell is not growing but resting, cells are said to 

be in G0 phase, also called quiescence (Pardee, 1974). The G1 phase is characterised by 

cell growth in preparation for DNA synthesis, which happens during S phase. Cell growth 

is regulated by growth factors which regulate the entry from G0 to G1 (Schafer, 1998). 

During S phase, the DNA is replicated. This is an important step of the cell cycle, as 

abnormalities occurring during S phase are one of the main causes of cancer 
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development (Myung & Kolodner, 2002). The S phase is followed by the G2 phase, which 

is another step characterised by cellular growth, where cells prepare and synthesise all 

the molecules necessary for mitosis. Interestingly, the G1 and G2 are so-called “gap 

phases” to indicate the cellular growth which happens between the DNA replication and 

the actual cell division (Bohnsack & Hirschi, 2004). 

 

The main protagonists of the regulation of the cell cycle are proteins called 

cyclins and their correspondent kinases called CDKs (cyclin-dependant kinase), which 

are essential for cyclin activation (Malumbres, 2011). Other molecules are involved in 

cell cycle regulation, including CDK inhibitors, transcription factors and kinases involved 

in the checkpoint of mitosis progression. Each cyclin binds to a specific CDK and their 

association is essential for the progression of each phase of the cell cycle (Lim & Kaldis, 

2013). Cyclins are good indicators of cell cycle progression, as they are required during 

different phases, and their expression fluctuates throughout the entire cell cycle (Evans 

et al., 1983) (Figure 1.10). As cyclins do not have any enzymatic activity, they require a 

kinase to function. Each cyclin and CDK form a complex which has different functions 

(Lim & Kaldis, 2013). Cyclins D are essential for the regulation of events which happen 

during the G1 phase and are mainly activated by the CDK4 or CDK6 (Sherr, 1994). These 

kinases are constitutively expressed, but they only become active when the expression 

of cyclin D raises during the G1 phase (Matsushime et al., 1994). Cyclin E is mainly 

expressed at the end of G1 (Lew, Dulić & Reed, 1991) and its main role is to control the 

progression of cells through G1 and regulate DNA synthesis. Cyclin E is bound to CDK2 

(Koff et al., 1991) and this complex is required to phosphorylate and inactivate p27, 

which is a major inhibitor of the cell cycle (Sheaff et al., 1997). Cyclin A binds both CDK2 

and CDK1, and therefore it is essential at two stages of the cell cycle: during the S phase 

it interacts with specific factors necessary during DNA replication, and during the G2/M 

transition it activates the complex between cyclin B1 and CDK1 (also known as cdc-2) 

(Pagano et al., 1992). Cyclin B is the mitotic cyclin which functions in a complex with 

CDK1. This complex is kept inactive during interphase by phosphorylation of two 

tyrosine residues. When mitosis is occurring, the cyclin B1/CDK1 complex is activated by 

the dephosphorylation of CDK1 by phosphatase Cdc25C (Roshak et al., 2000). Activation 

of the phosphatase Cdc25C is regulated by CDK1 and PLK1, but also by the action of the 
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kinase Aurora A (Seki et al., 2008; Schmucker & Sumara, 2014). The B1/CDK1 complex is 

activated before nuclear membrane breakdown and controls the mitotic events in 

conjunction with PLK1 (Gavet & Pines, 2010a, 2010b; Gheghiani et al., 2017). PLK1 is 

involved in the maturation of the centrosome by phosphorylating many proteins and 

recruiting g-tubulin (Petronczki, Lénárt & Peters, 2008).  

 

The inactivation of cyclins is normally mediated by ubiquitination, which happens 

as soon as the cyclin-CDK complex is no longer required (Glotzer, Murray & Kirschner, 

1991). Moreover, all these mechanisms are tightly controlled by CDK inhibitors which 

intervene when abnormalities occur. For example, when DNA is damaged the protein 

p53 is activated, which consequently activates p21 to inhibit cell cycle progression 

(Bohnsack & Hirschi, 2004). 
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Figure 1.10 Cell cycle schematic and cyclins expression. 
A. The cell cycle is divided into 4 phases: G1, S, G2 and M phase. Each phase is regulated by different cyclin-
CDK complexes.  
B. The expression of the cyclins changes throughout the cell cycle, and each cyclins is synthesised at a 
specific stage of the cell cycle.  

A.

B.
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1.3.2 Mitosis 
Cell division or mitosis is the culmination of the cell cycle. It occurs when a cell 

divides into two daughter cells, which is a common feature of development and 

proliferation. Mitosis is divided into several stages: prophase, prometaphase, 

metaphase, anaphase and telophase, and ends with cytokinesis (Figure 1.11). During 

prophase the chromatids condense into chromosomes and this is accompanied by 

histone phosphorylation (Gurley et al., 1978). The nuclear membrane starts to break 

down at this point. This series of events is regulated by the complex between cyclin 

B1/CDK1 and PLK1 (Gavet & Pines, 2010a). The nuclear membrane is completely 

disrupted during prometaphase, where spindles begin to assemble and it sees the 

formation of a protein structure called kinetochore that keeps the sister chromatids 

together (Cleveland, Mao & Sullivan, 2003). The next step is metaphase, where the 

chromosomes align on one plain. The microtubules create tension, by trying to pull each 

chromatid to one pole. This event only happens during anaphase, after the spindle 

checkpoint is passed to make sure that the segregation will not continue until all the 

chromatids are perfectly aligned (Nasmyth, 2002). Before the final cleavage, the nuclear 

membrane begins to assemble again around the two groups of chromosomes. This 

phase is called telophase. The last step of mitosis sees the actual formation of two 

daughter cells, in a process called cytokinesis (Fededa & Gerlich, 2012). 

 

Figure 1.11 Mitosis schematic. 
Mitosis is divided into several phases which begins with the breakdown of the nuclear membrane and the 
separation of the chromosomes, and culminates with the actual separation of the two daughter cells, 
containing the right chromosomes that were replicated during the S phase. 
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1.3.3 Requirement of zinc during the cell cycle 
 The regulation of the cell cycle is dependent on the availability of several 

nutrients that are required for the progression of the cell cycle. Many vitamins are 

involved in the regulation of the cell cycle, such as vitamin A, important during 

embryogenesis (Zile, 1998), or vitamin D, required for the differentiation of certain cells 

such as keratinocytes or osteoblasts (Bikle, 2011; Van Leeuwen et al., 2011). Other 

important nutrients include vitamin B12 and folic acid, both required for DNA synthesis 

(Rotherham et al., 1971), iron, necessary for oxygen transport (Bohnsack & Hirschi, 

2004), and glucose, essential for the production of energy in the form of ATP (Newcomb 

et al., 2003). Another essential nutrient in the regulation of the cell cycle is zinc (Li & 

Maret, 2009). 

 

The first evidence of zinc requirement during the cell cycle comes from the mid-

sixties where studies on rat kidney cortex treated with a metal ion chelator showed that 

DNA synthesis was suppressed completely and that this mechanism was only reversed 

by addition of zinc but no other metals (Fujioka & Lieberman, 1964). Moreover, further 

studies performed with lymphocytes showed that zinc is required during mid-G1 prior 

to DNA synthesis (Chesters, 1972). The role played by zinc during the G1 phase is to 

allow the gene expression of cyclin D, thymidine kinase and all of the proteins required 

for DNA synthesis (Zalewski, 2011). Another important cell cycle stage that requires zinc 

is during late S phase, as an essential step for cells to progress into G2 (Chesters, Petrie 

& Vint, 1989). Nevertheless, it is important that the amount of zinc is tightly controlled 

during this stage, as both an excess of zinc and insufficient zinc can stop cells in G2 at 

the G2/M checkpoint (Zalewski, 2011). Studies on bronchial epithelial cultures showed 

that when cells were treated with a high amount of extracellular zinc (32 µM, which 

corresponds to double the amount of normal human plasma zinc level), they were 

blocked at the G2/M transition due to the zinc-mediated expression of p53, up-

regulation of p21 and consequent inhibition of the complex CDK1/cyclin B (Wong et al., 

2008). Furthermore, zinc is necessary for the transcription of cyclins. In fact, it was 

observed that the expression of cyclins was significantly decreased in zinc-deficient cells, 

but when zinc was replenished, their expression reverted to normal (Chesters & Petrie, 

1999). In particular, in the case of cyclin B, a cyclin essential for the progression of cells 

in mitosis, adding zinc over normal levels significantly increased cyclin B expression 
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(Chesters & Petrie, 1999). The specific role of zinc during mitosis is yet to be fully 

understood, and this project will attempt to provide some insight into this. 

 

1.3.4 The role of ZIP6 and ZIP10 in mitosis 
Zinc is essential for the function of several cyclins as it is involved in cell cycle 

progression (G1 and G2 phases) and essential for progress of cells through G2 and 

mitosis (Chesters & Petrie, 1999). During the cell cycle, two different peaks of zinc 

concentration have been observed: a zinc influx from outside the cell occurs at early G1, 

whereas in the late G1/S phase zinc is released from stores, suggesting the importance 

of zinc in the control of the cell cycle (Li & Maret, 2009). Most recently, ZIP10 together 

with ZIP6 were also found to control the zinc uptake during the oocyte to egg transition, 

which is an essential step in meiosis progression (Kong et al., 2014). This evidence has 

shined new light into the role of these two zinc transporters in the regulation of cell 

division. 

 

A recent study in our group has identified zinc in the switch of pTyr705STAT3 to 

Ser727STAT3, mediated by zinc influx from the plasma membrane (Taylor et al, 

unpublished). Zinc binds STAT3 and it alters its tertiary structure, resulting in disruption 

of the binding of STAT3 to the JAK2 kinase which stops the Y705 phosphorylation of 

STAT3 (Kitabayashi et al., 2010). Moreover, our group have demonstrated that ZIP6 and 

ZIP10 form a heteromer (Taylor et al., 2016), and that the presence of this heteromer 

increases on the plasma membrane at the beginning of mitosis, leading to the zinc influx 

responsible for the conversion of STAT3 to pSer727STAT3 (Taylor et al, unpublished). This 

event is followed by the binding of pSer727STAT3 to pStathmin, a regulatory protein 

which is required for microtubule reorganisation. Most importantly, pSer727STAT3 binds 

to this heteromer in mitotic cells only, implying that these two zinc transporters are 

important in the regulation of mitosis. This evidence was observed in breast cancer cell 

lines, breast cancer tissue and in normal mouse intestine (Taylor et al, unpublished), 

suggesting that this could be a general mechanism that does not only happen in cancer. 

This new discovery provides a major focus area for much of the investigations within 

this current project.  
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1.4 Post translational modification of zinc transporters 
1.4.1 Role of phosphorylation 
 Existing data recognises the importance of phosphorylation in the regulation of 

the function of several proteins and in particular of zinc transporters (Taylor et al., 2012). 

Protein phosphorylation is considered the most important post-translational 

modification. This mechanism involves the addition of a phosphate group to a molecule 

which is followed by its conformational change in order to interact with other substrates 

(Ardito et al., 2017). Phosphorylation is mainly used as a trigger for the activation of 

downstream pathways in cells, hence its crucial role in the body. Phosphorylation is 

mediated by kinases which act as mediators in the exchange of the phosphate group (Li 

et al., 2013). Most proteins are phosphorylated on serine, threonine or tyrosine 

residues, with serine residues having the highest percentage of phosphorylation in the 

human genome (Nishi, Hashimoto & Panchenko, 2011). Despite tyrosine 

phosphorylation counts for less than 2% in proteins, it still plays an important role in cell 

biology (Olsen et al., 2006). Phosphorylation is essential in cells to regulate events such 

as development, aging, cell cycle, protein synthesis and signal transduction. This 

mechanism is possible thanks to the combined action of kinases and phosphatases 

(Ardito et al. 2017). While kinases transfer the phosphate group to a protein, the role of 

the phosphatase is opposite, removing the phosphate group via hydrolyzation (Johnson, 

2009). The human genome contains over 586 kinases and 156 protein phosphatases. 

The availability of different database tools have predicted that almost 90% of human 

proteins undergo phosphorylation (Ardito et al. 2017). The activation of this post-

translational modification acts as a molecular switch and dysfunction of this mechanism 

can lead to aberrant activation or dysregulation of several signalling pathways that can 

result in oncogenesis and cancer development (Harsha & Pandey, 2010). The cell cycle 

is an important event in human biology which is driven by phosphorylation (Fisher et al., 

2012) and, as a consequence of this, any abnormalities in the regulation of this 

mechanism can lead to abnormal cell growth, one of the hallmarks of cancer. 

 

The discovery of the CK2-mediated phosphorylation of ZIP7 as an essential 

requirement for its activation (Taylor et al., 2012) has shined a new light on a new area 

of study in zinc biology which could help decipher how these zinc transporters are 

regulated. As stated in this chapter, the mechanism by which the ZIP transporters are 
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activated is not clear yet, and despite the fact that they are normally referred to as 

transporters, the discovery of ZIP7 activation by phosphorylation suggests that they may 

in fact act as channels (Taylor et al., 2012). ZnT6, a member of the ZnT family, was found 

to have a serine in the cytoplasmic C-terminal domain with the potential to be 

phosphorylated. This phosphorylation is predicted to be essential in the regulation of 

the zinc transport mediated by the ZnT5-ZnT6 heteromer (Hogstrand et al., 2009; 

Fukunaka et al., 2009). Beyond ZIP7, no other ZIP member has been confirmed to be 

activated by phosphorylation yet. However, since ZIP6 and ZIP10 were found to be 

essential at the onset of mitosis (Taylor et al, unpublished), and since mitosis is driven 

by phosphorylation (Dephoure et al., 2008), there is a high chance that these two zinc 

transporters are regulated in mitosis by phosphorylation as well. Part of this project aims 

to decipher this. 

 

1.4.2 Role of protein cleavage 
 Protein cleavage is a ubiquitous event which occurs in proteins, and results in 

the breakdown of proteins in smaller pieces leading to the formation of new proteins 

with a new C-terminus and/or N-terminus. This mechanism leads to activation, 

deactivation or acquisition of a completely different function of the protein, which is 

often used as a regulatory mechanism (Barret, Rawlings & Woessner, 1998). This is 

another important post-translational modification which takes place in cells for the 

regulation of important processes such as cell cycle, cell death, cell proliferation or even 

cancer and inflammation (Rogers & Overall, 2013). For example, the degradation of 

cyclins during the cell cycle is mediated by ubiquitin-mediated proteolysis (Glotzer, 

Murray & Kirschner, 1991). Moreover, the removal of certain domains, such as nuclear 

localisation signal, or ectodomain-shedding regulate localisation of proteins or convert 

them into their active form (Klein et al., 2018). In fact, many proteins are initially 

synthesised as inactive pro-proteins which are then cleaved in order to generate the 

active and mature molecule (Duckert, Brunak & Blom, 2004). This mechanism is 

mediated by proteases which comprise a wide number of proteins in humans (Puente 

et al., 2003) and many drugs targeting these proteins are available in therapy (Turk, 

2006). 
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 A good example of a protein which requires cleavage in order to be activated is 

ZIP6. Hogstrand et al showed that ZIP6 is expressed as a pro-protein in the endoplasmic 

reticulum, before it undergoes a proteolytic cleavage which leads to its relocation to the 

plasma membrane. This proteolytic cleavage is essential for its active function 

(Hogstrand et al., 2013). Prior to that, it was discovered that ZIP4, another member of 

the LIV-1 subfamily of zinc transporters, was proteolytically cleaved on its N-terminal 

domain in zinc deficiency conditions (Kambe & Andrews, 2009). Moreover, in this 

conditions, ZIP4 is accumulated on the apical surface of epithelial cells while it is 

internalised and degraded in normal conditions. This is an example of how proteolytic 

cleavage manages protein localisation and function (Kambe & Andrews, 2009).  

 

ZIP6 contains a PEST cleavage site on its N-terminal domain which is a peptide 

sequence associated with proteins undergoing proteolytic cleavages and having a short 

half-life (Rechsteiner & Rogers, 1996). ZIP10 is the only other member of the LIV-1 family 

to contain a PEST cleavage site in the N-terminus (Hogstrand et al., 2013), suggesting 

that it also undergoes a cleavage process which has been confirmed by Ehsani et al 

(Ehsani et al., 2012). Interestingly the prion protein, a protein involved in 

neurodegenerative diseases of humans and animals, was shown to have descended 

from the LIV-1 subfamily of ZIP transporters and to have similarities especially with the 

amino acid sequences of ZIP6 and ZIP10 (Schmitt-Ulms et al., 2009). It is known that the 

prion protein undergoes several endoproteolytic cleavages on its ectodomain (Vincent 

et al., 2001; McMahon et al., 2001; Altmeppen et al., 2012) and recent studies have 

demonstrated that the prion protein undergoes N-terminal ectodomain shedding in 

zinc-depleted conditions, similar to that observed for ZIP10 (Ehsani et al., 2012). The 

similarities of this protein to members of the LIV-1 subfamily of zinc transporters 

suggests that their N-terminal cleavage can be essential for their functional control. 

Interestingly, ZIP6 and ZIP10 are found in the same branch of the phylogenetic tree as 

shown in Figure 1.3, suggesting a similar function and regulation. This, together with the 

importance of proteolytic cleavage in the regulation of cell cycle progression (Rogers & 

Overall, 2013), suggests the possibility that ZIP6 and ZIP10 require this proteolytic 

cleavage in order to translocate to the plasma membrane and to provide the zinc 

necessary to trigger mitosis. 
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 The importance of both phosphorylation and proteolytic cleavage in the 

regulation of mitosis (Glotzer, Murray & Kirschner, 1991; Dephoure et al., 2008) 

provides an area of investigation that will be discussed in this project with the aim of 

deciphering the mechanism by which ZIP6 and ZIP10 are regulated in mitosis. 

 

1.5 Hypotheses, aims and objectives of this project 
Our group have been investigating the role of zinc signalling in breast cancer for 

many years and, in particular, it was discovered that three zinc transporters belonging 

to the LIV-1 subfamily were overexpressed in breast cancer: ZIP7, ZIP6 and ZIP10 (Taylor 

et al., 2003, 2008; Kagara et al., 2007). However, it still remains elusive how these 

transporters are responsible for the development of an aggressive phenotype of breast 

cancer or whether targeting these could be beneficial in breast cancer therapy. This 

project started from few recent discoveries in our group by trying to address these 

questions and has expanded this investigation beyond breast cancer. 

 

1.5.1 Hypotheses 
The hypotheses of the current project were: 

1. Activated ZIP7 can be used as a biomarker of acquired endocrine resistance in 

breast cancer; 

2. Inhibition of the ZIP6-ZIP10 heteromer on the plasma membrane is able to block 

the zinc influx necessary for mitosis and stop cell division; 

3. ZIP6 and ZIP10 require phosphorylation and proteolytic cleavage in order to be 

activated during mitosis. 

 

1.5.2 Aims 
The overall aims of this project were: 

1. To characterise the activation of ZIP7 in anti-hormone resistant breast cancer 

and investigate whether its activation changed with prolonged exposure to 

endocrine therapy; 

2. To analyse the effectiveness of ZIP6 and ZIP10 antibodies at preventing cell 

division and to dissect the mechanism involved; 

3. To investigate predicted phosphorylation and cleavage sites for ZIP6 and ZIP10 

and to test whether these transporters require phosphorylation in order to influx 

zinc and trigger mitosis. 
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1.5.3 Objectives 
The hypotheses and aims of this project were explored by setting the following 

objectives:  

1. To investigate activated ZIP7 by using the group’s unique anti-pZIP7 antibody 

(Nimmanon et al., 2017) and to expand this study to endocrine resistant breast 

cancer cell models and breast cancer clinical samples; 

2. To inhibit the ZIP6-ZIP10 heteromer by using specific antibodies towards the N-

terminal domain of ZIP6 and ZIP10 and to expand this analysis to different cancer 

cell lines while analysing the fate of cells when treated with these antibodies; 

3. To use different website database tools along with specific kinase and protease 

inhibitors to be tested on specific recombinant zinc transporter mutants in order 

to check and analyse potential phosphorylation sites for ZIP6 and ZIP10, and to 

discover the protease involved in ZIP6 cleavage. 
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2 MATERIALS AND METHODS  
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2.1 Cell growth and tissue culture  
MCF-7 cells (human breast adenocarcinoma cells), a gift from AstraZeneca 

(Macclesfield, UK), and MDA-468 cells (triple negative breast cancer cell line) were 

cultured in RPMI (Roswell Park Memorial Institute) (Gibco, UK) with 5% foetal calf serum 

(FCS), 200 mM L-glutamine, antibiotics (10 IU/ml penicillin, 10 μg/ml streptomycin) and 

fungizone (2.5 μg/ml amphotericin B) (Gibco). All the anti-hormone resistant cell lines 

were cultured in phenol-red-free RPMI medium (Gibco) with 5% stripped steroid-

depleted FCS, 200 mM L-glutamine and antibiotics (10 IU/ml penicillin, 10 μg/ml 

streptomycin and 2.5 μg/ml amphotericin B). They were grown in phenol-red free 

medium as phenol-red has been reported to have an oestrogenic effect. Stripped serum 

was added to the medium to remove any hormones that might alter the results. 

Tamoxifen-resistant MCF-7 derived cells (TamR) and long-term tamoxifen-resistant 

MCF-derived cells (TamRL) were cultured in the presence of 10-7 M 4-OH-tamoxifen, 

whereas Faslodexâ-resistant MCF-7-derived cells (FasR) and long-term Faslodexâ-

resistant MCF-7-derived cells (FasRL) were cultured in the presence of 10-7 M Faslodexâ. 

 

CaCO-2 (colorectal adenocarcinoma) and NMuMg (mouse breast glandular) cells, 

were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco) containing 4.5 g/L 

glucose supplemented with 10% foetal calf serum (FCS), 200 mM L-glutamine, 

antibiotics (10 IU/ml penicillin, 10 μg/ml streptomycin) and fungizone (2.5 μg/ml 

amphotericin B) (Gibco). The NMuMg ZIP6 knockout cells have ZIP6 removed using the 

CRISPR/Cas9 technique (Brethour et al., 2017). 

 

All cells were kept at 37 °C in a 5% C02 atmosphere and the medium was changed 

every 3-4 days. A summary of all the different cell lines used in this project and their 

corresponding medium is found in Table 2.1. For western blot or immunofluorescence 

1 or 3x 105 cells were seeded into 35 and/or 60 mm dishes, respectively. Furthermore, 

when the cells were required for immunofluorescence, a 22x22 mm 0.17 mm thick glass 

coverslip was placed in the dish or they were seeded into an 8 well chamber slide (Nunc, 

Denmark) adding 1.5x 104 cells per well. Briefly, cells in a T25 flask were trypsinised for 

a couple of minutes, then the same amount of medium was added to stop the lysis 

reaction. Cells were spun down and resuspended in appropriate medium after counting 

using a cell Coulter counter. 
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Cell line Growth 
medium 

FCS Antibiotics and 
antifungals 

Other 
supplements 

MCF-7 RPMI 1640  5% penicillin, 
streptomycin, 
amphotericin B 

L-glutamine 

TamR/TamRL WRPMI 5% 
stripped 
serum 

penicillin, 
streptomycin, 
amphotericin B 

L-glutamine + 
tamoxifen 

FasR/FasRL WRPMI 5% 
stripped 
serum 

penicillin, 
streptomycin, 
amphotericin B 

L-glutamine + 
FaslodexÒ 

MDA-468 RPMI 1640  5% penicillin, 
streptomycin, 
amphotericin B 

L-glutamine 

CaCO-2 DMEM 10% penicillin, 
streptomycin, 
amphotericin B 

Glucose + L-
glutamine 

NMuMg 
(wild type 

and ZIP6 ko) 

DMEM  10% penicillin, 
streptomycin, 
amphotericin B 

Glucose + L-
glutamine 

 
Table 2.1 Cell lines used in this project and their corresponding medium. 

 
2.1.1 Development of TamR (Tamoxifen-resistant MCF-7 derived cell line)  

The MCF-7 monolayers were grown in phenol-red-free RPMI medium containing 

5% charcoal-stripped steroid-depleted foetal calf serum, antibiotics, fungizone, 

glutamine (200 mM) and 4-hydroxytamoxifen (10− 7 M in ethanol) (see Table 1). The cells 

were continually exposed to this treatment for six months. The medium was continually 

replaced every 3-4 days. Cell growth analysis revealed that wild type MCF-7 had a 60% 

reduced growth after 2 weeks of treatment with 100 nM of 4-hydroxytamoxifen. The 

cell growth of this cell line remained static for the next 2 months after which time the 

cell growth started to increase to a level similar to the wild type MCF-7 cells grown in 

the absence of 4-hydroxytamoxifen. This was the point at which the cells started to 

develop resistance to tamoxifen and were renamed TamR (Knowlden et al., 2003). The 

cellular morphology of these cells was remarkably changed in comparison to wild type 

MCF-7 cells, showing angular shapes and a more disorganised growth. Before further 

investigation, this new cell line was cultured for a further four months in the presence 

of 4-hydroxytamoxifen (Knowlden et al., 2003). Confirmation of the resistant phenotype 

was performed by assessment of the proliferation of MCF-7 and TamR cells grown in the 



 41 

presence of 4-hydroxytamoxifen by comparison of growth curves. This investigation 

revealed that in the presence of 4-hydroxytamoxifen the growth rate of TamR cells was 

significantly higher than MCF-7 cells, up to 200% after 13 days of proliferation. 

Moreover, while the wild type MCF-7 grown in the presence of the antioestrogen 

showed a decreased growth rate in a concentration-dependent manner, TamR cells 

showed no reduction of cell growth even at highest concentration of 1 µM 4-

hydroxytamoxifen (Knowlden et al., 2003). Additionally, a long-term resistant model 

called TamRL was developed from TamR cells, following a prolonged exposure (36 

months) to tamoxifen (Gee et al., 2015). 

 

2.1.2 Development of FasR (Faslodex®-resistant MCF-7 derived cell line)  
Similar to the development of the TamR cells, MCF-7 cells were continuously 

exposed to fulvestrant (Faslodexâ, ICI 182,780; a gift from Dr Alan Wakeling, 

AstraZeneca Pharmaceuticals, Macclesfield, UK) in phenol-red-free RPMI medium 

containing 5% charcoal stripped steroid-depleted foetal calf serum supplemented with 

glutamine, antibiotics, fungizone and FaslodexÒ (10-7 M in ethanol). Initially the cell 

growth of this cell line was static and there was no requirement to passage flasks when 

confluent. The medium was continually replaced every 3-4 days. After 3 months these 

cells started to grow, reaching a growth rate similar to that of MCF-7 cells grown in the 

absence of FaslodexÒ. Cells were cultured for further 3 months with fulvestrant, 

eventually leading to the establishment of a new resistant cell line renamed FasR 

(McClelland et al., 2001). Characterisation of the resistant cell line was performed by 

comparison of growth curves of FasR cells and wild type MCF-7 grown in the presence 

of FaslodexÒ, which showed that the FasR cells had a sustained increased growth rate 

in comparison to MCF- 7 cells. Moreover, basal growth of FasR cells was sustained even 

in the presence of the highest concentration of FaslodexÒ (10-5 M), whereas MCF-7 cell 

growth was significantly affected by the presence of the antioestrogen (p<0.001). In fact, 

the sensitivity of wild type MCF-7 cells to the antiproliferative effect of FaslodexÒ was 

detectable even at concentration of 10-9 M, exhibiting a 50% reduction after 7 days of 

treatment in comparison to non-treated control cells. On the contrary, FasR cell growth 

was insensitive to the reagent (McClelland et al., 2001). Additionally, a long-term 

resistant model called FasRL was developed from FasR cells, following a prolonged 



 42 

exposure (36 months) to FaslodexÒ (Gee et al., 2015). 

 
2.1.3 Development of NMuMg ZIP6 knockout cells 

The development of the NMuMg ZIP6 knockout cells was performed by Schmitt 

et al in Canada and they have been fully characterised for the loss of ZIP6. Briefly, wild 

type NMuMg cells (mouse mammary gland) were transfected with a construct which 

coded for a Cas9-D10A nickase with a pair of RNAs that guided the nickase to off-set 

target sites on opposite DNA strands within Exon-2 of the ZIP6 gene (Brethour et al., 

2017). This resulted in the generation of a double-strand break on the gene which was 

followed by a non-homologues end-joining program. The clones were isolated by the 

dilution method and presence of ZIP6 was detected by western blotting following TGFb1 

treatment. Characterisation of the ZIP6 knockout clone in comparison to NMuMg wild 

type cells by western blotting revealed that wild type cells induced by TGFb1 had a 

significant increase of ZIP6 protein levels, whereas no ZIP6 was found on the ZIP6 

knockout clone. Further characterisation by PCR and sequencing of the NMuMg ZIP6 

knockout clone revealed a two nucleotide deletion in both ZIP6 alleles which had 

generated the formation of the STOP codons due to the shift of the open reading frame 

(Brethour et al., 2017). 

 

2.2 Cell treatments  
A. For cell cycle synchronisation, three different methods were used: 

i) Nocodazole: cells were treated with 150 nM nocodazole (Sigma Aldrich, USA) 

for 20 hours to synchronise cells into mitosis. Nocodazole is an anti-

neoplastic agent that interferes with the polymerisation of microtubules 

(Blajeski et al., 2002). Cells treated with it arrested at M phase and so they 

entered mitosis but they arrested in prometaphase (phase after interphase, 

before metaphase) (see Figure 1.11) because the microtubules were not able 

to polymerise (Blajeski et al., 2002).  

ii) Double thymidine block: cells at 25-30% confluence were washed twice with 

1X PBS and added of medium (RPMI + 5% FCS + 1% pen-strep) containing 2 

mM thymidine (Sigma Aldrich) for 18 hours. After this time, cells were 

released from the first thymidine block by replacing the treatment with fresh 

medium (RPMI + 5% FCS + 1% pen-strep) for 9 hours, after which 2 mM 
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thymidine was re-added for another 17 hours. Cells were washed with 1X 

PBS and left in fresh medium to progress through the cell cycle (Whitfield et 

al., 2000). After the two thymidine blocks, the cells progressed 

synchronously through G2 and M phase. A double thymidine block allowed 

cells to arrest at the beginning of S phase and were then allowed to proceed 

through the cell cycle. After the second thymidine block, cells were harvested 

at different times: between 5 to 10 hours. 

iii) CDK1 inhibition: cells were synchronised in G2 by treatment with 9 µM RO-

3306 (Sigma Aldrich), a CDK1 inhibitor, for 18 hours. Cells treated with this 

agent stopped at the G2 phase of the cell cycle as RO-3306 inhibits the 

complex between cyclin B1 and CDK1 (also known as cdc2) which is necessary 

for the progression of cells into mitosis (Vassilev et al., 2006). After being 

released from this agent, cells were either left to progress naturally through 

M phase for 2 hours, or treated with nocodazole (150 nM) for 2 hours to 

increase the number of mitotic cells. 

 

B. To induce cells into apoptosis, cells were treated with 5 µM camptothecin (Sigma 

Aldrich) for 20 hours before harvesting. Camptothecin is a topoisomerase I 

inhibitor which binds DNA and prevents the reassociation of DNA after the 

cleavage induced by topoisomerase I (Wall & Wani, 1996). Treatment with 

camptothecin stopped cells in S phase and induced most cells into apoptosis. 

 

C. Cells were also treated with ZIP6 Y3/Y1 (mouse monoclonal antibody, in house) 

or ZIP10 R (rabbit polyclonal antibody, in house) (see Table 2.4) for 20 hours at 

different concentrations in order to detect whether these extracellular N-

terminal domain antibodies were able to block mitosis. Additionally, cells were 

treated with ZIP6 Y3/Y1 after 24 hours from seeding (day 0) and counted for 4 

days using an automated cell counter (Beckman CoulterÔ) in order to assess the 

effect of this treatment on cell growth. Treatment of cells with 4 µg/ml of normal 

mouse IgG or 10.5 µg/ml normal rabbit IgG with 150 nM nocodazole was used 

as a negative control. 
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D. For the investigation of potential phosphorylation of ZIP6 at different residues 

on the long intracellular loop domain (more details in Chapter 6), cells were 

treated with 10 µM of CX-4945 (Silmitasertib, CK2 inhibitor, Abcam) or 1 µM 

AZD0530 (Saracatinib, Src inhibitor, Sigma Aldrich) for 1 hour prior to harvesting 

after 17 hours of cell transfection.  

 

E. To analyse ZIP6 proteolytic cleavage, cells were treated with DAPT, a presenilin 

inhibitor (Morohashi et al., 2006), at 10 µM for 20 hours and compared to cells 

that had been synchronised with nocodazole alone. Moreover, in order to see 

whether cells that were synchronised in mitosis were affected by the presenilin 

inhibitor treatment, cells were treated with both 150 nM nocodazole and 10 µM 

DAPT for 20 hours. 

 

2.3 Immunofluorescence  
Cells at 70-80% confluence on 22x22-mm glass coverslips with 0.17 mm 

thickness, or on the 8 well chamber coverslide, were moved into racks and fixed with 

3.7% formaldehyde (Sigma Aldrich) in PBS for 15 minutes. The fixing was necessary to 

preserve the structures and to immobilise antigens. The coverslips were then washed 

twice with PBS for 5 minutes and incubated for 15 minutes with permeabilisation buffer 

made of PBS with 1% BSA (Sigma Aldrich) and 0.4% saponin (Sigma Aldrich). The 

coverslips were then blocked with 10% normal goat serum (DAKO, UK) in 

permeabilisation buffer for 15 minutes to prevent non-specific binding of the secondary 

antibodies. After having been probed with primary antibodies for an hour in a wet 

chamber, coverslips were incubated for 30 minutes with secondary antibodies, 

consisting of goat anti-mouse and/or goat anti-rabbit antibodies conjugated with Alexa 

Fluor 488 or 594 (Molecular Probes, Invitrogen, USA) and protected from light. The 

coverslips were mounted on microscope slides with Vectorshield mounting medium 

with DAPI (Vector Laboratories, USA) and sealed with nail polish. Cells 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. The pictures were acquired and 

processed using Openlab software for Macintosh operating system with one-level of 

deconvolution. Image processing and cell counting were performed using ImageJ 
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software. 

 

2.4 Immunohistochemistry 
Cell pellets of the different breast cancer resistant cells line were available from 

the Breast Cancer Molecular Pharmacology Group. For the clinical samples, 93 breast 

cancer samples from patients were used, which were obtained from Nottingham 

University (NRES active, ethical approval C2020313/Nottingham city hospital, see 

Appendix 2). These clinical samples belong to the “Cell Signalling Series”. The clinical 

samples and cell pellets corresponded to pre-cut 4 µm sections. The cell pellets or 

clinical samples were formalin-fixed, embedded in paraffin and mounted onto slides, 

then washed in xylene and different concentrations of ethanol (from 100% to 70%) in 

order to rehydrate the sample. The first retrieval condition which was attempted (pH 6 

Sodium Citrate buffer and pressure cooking microwave at 950 W for a minute followed 

by 9 minutes at 560 W) was not reliable as it did not show any significant staining across 

the different cell lines, resulting in negative staining. After trying different retrieval 

conditions, the optimal condition for phospho-ZIP7 (pZIP7) assay was pH 8 EDTA and a 

pressure cooking microwave at 950W for 2 minutes using the pZIP7 antibody (Table 2.4). 

Following the establishment of the right retrieval condition, the best antibody dilution 

was then sought. This was an essential step in order to have the best and reliable 

assessment of pZIP7 across the cell pellets and clinical samples, but also to reduce the 

background signal which could alter the final results. Similar to the establishment of the 

optimal retrieval condition, many dilutions were tried before eventually finding the 

most appropriate. The optimal dilution found for pZIP7 on cells pellets was 1/8000 and 

1/800 dilution for breast cancer tissue. It is noticeable that the concentration of pZIP7 

was higher in the clinical samples due to the more complex structure of the tissue and 

therefore the difficulty to unmask the epitope. The samples were washed with 

PBS/Tween 0.02% and covered with 0.18% hydrogen peroxidase before blocking with a 

drop of goat serum blocking reagent (DAKO, UK) for 20 minutes. The pZIP7 antibody 

incubation was carried out for an hour at room temperature for the cell pellets, whereas 

the tissue samples were left overnight at 23°C. The slides were then washed twice with 

PBS/Tween 0.02% and probed with secondary antibody (Mouse Envision labelled 

polymer-HPR #K4001, DAKO) for 30-60 minutes followed by another two washes with 

TBS/Tween 0.05%. The protein of interest was visualised using DAB (3’-3’-
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diamobenzidine, DAKO) while nuclei were counterstained with methyl green 0.05%. The 

slides were then fixed with coverslips using DPX Mountant for histology and visualised 

on an Olympus BH-2 microscope at 20x magnification. As the “Cell Signalling series” is a 

historical series, clinicopathological and biomarker data was available in an SPSS 

database. 

 

The immunostaining of the specimens was evaluated by consensus of two 

personnel viewing the slide at the same time through a dual-visual attachment to the 

microscope and by using a scoring system of 0, 1, 2 and 3 which corresponds to negative, 

weak, intermediate and strong staining, respectively. The HScore was evaluated using 

the following equation, which gives a value on a scale from 0 to 300 (Nicholson et al., 

1994): 

!"#$%& = 	 [(%	#&,,-	-ℎ$/012	31	014&-045	63,7&	1	 × 	1)
+ (%	#&,,-	-ℎ$/012	31	014&-045	63,7&	2	 × 	2)
+ (%	#&,,-	-ℎ$/012	31	014&1-045	63,7&	3	 × 	3)]/100 

 

2.5 SDS-PAGE and Western Blot  
Cells at 70-80% confluence, seeded in 35 or 60 mm dishes, were harvested using 

100 or 200 µl of lysis buffer, respectively. Lysis buffer consists of 50 mM Trizma Base 

[pH7.6], 150 mM sodium chloride, 5 mM EGTA and 1% Triton X−100 containing a 1/10 

dilution of a protease-inhibitor cocktail (Sigma Aldrich), 2 mM sodium orthovanadate 

and 50 mM sodium fluoride. The samples were left on ice for an hour with periodic 

agitation and centrifuged at 12000 rpm (13684 g) at 4°C. The supernatant was collected 

in a new clean tube and the pellet was discarded. The concentration of the lysates was 

determined with a BioRad Microassay procedure based on the Bradford protein assay. 

This method consists of the binding of a dye, Coomassie Brilliant Blue G-250, to the 

proteins forming a complex which is revealed at a wavelength of 595 nm with a UV 

spectrophotometer (Bio 35 Spectrometer). The lysate protein concentration was 

determined against a standard solution (solution of BSA, 1 mg/ml stock). The lysates 

were diluted with loading buffer containing 0.2 M DTT (Roche, Switzerland) to a final 

concentration of 1 μg/μl and were denaturated by heating at 100°C for 5 minutes, 

followed by a brief spin at 12000 rpm (13684 g) to deposit the condensate and insoluble 

material that formed during heating. The samples were used immediately or stored at 
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- 20°C until use. The concentration of the gels used for SDS-PAGE depended on the 

molecular range of the proteins of interest. In this project either a 7.5%, 10% or 14% 

resolving gel with either a 15 or 10 well comb (Table 2.2-2.3) was used. 

 
Table 2.2 Recipes for resolving gel. 

Reagent (resolving gel) units 7.5% 10% 14% 

Distilled H20 ml 9.6 8 5 

TRIS-HCl buffer, pH 8.8 ml 5 5 5 

30% Acrylamide ml 5 6.8 9.52 

10% SDS µl 200 200 200 

10% APS µl 200 200 200 

TEMED µl 12 12 12 

 
Table 2.3 Recipe for stacking gel. 

Reagent (stacking gel) units 5% (3 x 1.5 mm gel) 
Distilled H20 ml 6.1 
TRIS-HCl buffer, pH 6.8 ml 2.5 
30% Acrylamide ml 1.3 
10% SDS µl 100 
10% APS µl 50 
TEMED µl 10 

 
 

The samples (20 or 40 μg each) were loaded into the wells and the gel 

electrophoresis was run at 120 V for 90 minutes. The proteins were transferred by 

electrophoresis to a 0.45 µm nitrocellulose membrane (GE Healthcare Life Sciences, UK) 

at 100 V for 60 minutes. For the transfer, a “sandwich” was made following the scheme 

shown in Figure 2.1. Following the transfer, the nitrocellulose membrane was stained 

with 1% Ponceau S (Sigma Aldrich) in 5% acetic acid to check if the transfer was 

successful and whether each lane was evenly loaded. Furthermore, it was possible to 

see if there were any bubbles or imperfections on the transfer that may alter the final 

results. The Ponceau S was easily removed later with TBS-Tween 1X on a rocking 

platform. 
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Figure 2.1 Diagram showing the transfer blotting "sandwich". 
 

Following the Ponceau S stain, the membrane was incubated for 1 hour with 5% 

non-fat dried milk (Marvel, Premier Internationals Foods, UK) in TBS-Tween 1X at room 

temperature to prevent non-specific binding of antibodies to proteins and to the 

membrane during the assay. The Marvel was washed away with TBS-Tween 1X on a 

rocking platform, then the membrane was transferred into a Falcon tube containing the 

solution of primary antibody. The solution was made with TBS-Tween 1X containing 5% 

Western Blocking reagent (Roche), 1 mM sodium azide (NaN3) and the primary antibody 

at the required concentration (Table 2.4-5). The membrane was incubated with primary 

antibody overnight at 4°C on a roller-bed, followed by washing and incubation with 

secondary antibodies conjugated with horse-radish peroxidase (HRP) (Table 2.6), 

according to the species from which the primary antibody was made. Incubation with 

secondary antibodies was carried out for an hour at room temperature on a roller-bed. 

The secondary antibody solution was made up with 1% Marvel in TBS-Tween 1X. 

For the apoptosis evaluation experiment, cells were probed with an apoptosis kit of 

antibodies which allowed the detection of apoptosis markers simultaneously, including 

cleaved PARP, pro-caspase 3 and cleaved caspase together with b-actin for 

normalisation. 

 

The detection of the protein of interest was made using a chemiluminescent kit. 

This technique relied on the oxidation of the luminol substrate in the presence of the 
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enzyme HRP, which was conjugated to the secondary antibody and hydrogen 

peroxidase. The reaction allowed the emission of photons of light which could be 

captured by exposure to the X-ray film in a dark room. ECL (Thermo Scientific, USA), 

Clarity (Bio-Rad, USA) and Femto (Thermo Scientific, USA) chemiluminescent reagents 

were used for the immunodetection. The bands obtained were then analysed by 

densitometric analysis using Alpha DigiDoc software version 4.10 or ImageJ. Results 

were analysed with the Microsoft Excel 2016 programme for Macintosh OS and 

normalised to the results of β-actin or GAPDH level, obtained using a β-actin or GAPDH-

HRP-conjugated antibody (Science Signaling, USA). The measurement of β-actin or 

GAPDH was required as a control to determine whether the samples have been loaded 

equally in all the wells. It is common to use β-actin or GAPDH because they are equally 

expressed in human cells and they are less affected by any cell treatments.  
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Table 2.4 ZIP antibodies. 
ANTIBODY Species Source WB IF Other 

pZIP7a mouse Biogenes (in house) 1:1000 1:100  
ZIP7b rabbit ProteinTech 19429-1-

AP 
1:1000   

ZIP7 Bc rabbit Biogenes (in house) 1:1000   
ZIP10 Rd rabbit Biogenes (in house) 1:1000 1:100 1:10-1:100 (cell 

treatment) 
ZIP6 Y3/Y1e mouse Biogenes (in house) 1:1000  1:10-1:100 (cell 

treatment) 
ZIP10f rabbit Abcam ab83947 1:1000   
ZIP10g mouse Sigma Aldrich 

SAB1401780 
1:1000   

LIV-1 (E-20)h rabbit sc-84875, Santa Cruz 
Biotechnology, INC 

1:500 1:100 1:50 (PLA) 

ZIP4i rabbit ProteinTech 20625-1-
AP 

 1:100  

 

The table indicates the species, the dilution used for the different techniques and the supplier. Additional 

information for the antibodies epitopes:  

a) pZIP7: the epitope is pS275-pS276 (TM III-TM IV) 

b) ZIP7 ProteinTechÔ : the epitope is between the residues 236-383 (TM III-TM IV) 

c) ZIP7 B: the epitope is between the residues 264-277 (TM III-TM IV) 

d) ZIP10 R: the epitope is LEPSKFSKQAAENE (residues 46-59) at the N-terminus (Figure 2.2B) 

e) ZIP6 Y3/Y1: the epitope is VSEPRKGFMYSRNTNEN (residues 238–254) at the N-terminus (Figure 
2.2A) 

f) ZIP10: the epitope is between the residues 514-530 (TM III-TM IV) (Figure 2.2B) 

g) ZIP10: the epitope is between the residues 515-622 (TM III-TM IV) (Figure 2.2B) 

h) LIV-1 (E-20): the epitope is between the residues 500-550 (TM III-TM IV) (Figure 2.2A) 

i) ZIP4: the epitope is between the residues 23-327 at the N-terminus  
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Figure 2.2 Schematic of ZIP6 and ZIP10 antibodies used throughout this project. 
The schematic indicates the name, the species and the epitope for both ZIP6 (Figure A) and ZIP10 (Figure 
B) antibodies.  

A.

B.



 52 

Table 2.5 Primary antibodies. 
ANTIBODY Species Source WB IF Other 

pSer473AKT rabbit Cell Signaling #9271 1:1000   
AKT rabbit Cell Signaling #9272 1:1000   
Phospho-p42/p44 
MAPK 

rabbit Cell Signaling #9101  1:1000   

p42/p44 MAPK rabbit Cell Signaling #9102  1:1000   
pS10Histone H3 mouse Cell Signaling #9706 1:1000 1:200  

pS10Histone H3 rabbit Cell Signaling #3377 1:1000 1:200  
pSer727STAT3  rabbit sc-8001, Santa Cruz 

Biotechnology, INC 
1:1000   

pTyr705STAT3  rabbit Cell Signaling #9145  1:1000   
Total STAT3 rabbit Cell Signaling #4904 1:1000   
pSer rabbit Abcam, ab9332 1:1000   

pTyr (P-Y-1000 
MultiMab) 

rabbit 
mAb 
mix 

Cell Signaling #8954 1:1000   

ZIP4 rabbit ProteinTech 20625-1-AP  1:100  
CK2 mouse  sc-12738, Santa Cruz 

Biotechnology, INC 
1:1000  1:50 

(PLA) 

Cyclin B1 mouse sc-245, GNS1, Santa Cruz 
Biotechnology, INC  

1:500 1:50  

Cyclin A mouse sc-271682, INC B-8, 
Santa Cruz 
Biotechnology 

1:500 1:50  

Cyclin D1 mouse sc-20044, DCS-6, Santa 
Cruz Biotechnology, INC  

1:500   

Cyclin E mouse sc-481, M-20, Santa Cruz 
Biotechnology, INC 

1:500   

p27kip1 rabbit Cell Signaling #2552 1:1000   
PLK1 mouse Abcam, ab17056 1:1000   
V5 tag rabbit Abcam, ab15828 1:1000 1:1000  

V5 tag mouse Invitrogen R960-25 1:1000 1:1000  

GAPDH-HRP 
conjugated 

rabbit Sigma Aldrich G9295 1:50000   

b actin-HRP 
conjugated 

mouse Sigma Aldrich A3854 1:50000   

Apoptosis 
cocktail 

mouse/
rabbit 

Abcam, ab136812 1:100   

 

The table indicates the species, the dilution used for the different techniques and the supplier.  
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Table 2.6 Secondary antibodies. 

ANTIBODIES Species Source WB IF 
Anti-mouse Alexa Fluor 594 goat Invitrogen IgG 

A11032 
 1:1000 

Anti-rabbit Alexa Fluor 594 goat Invitrogen IgG 
A11072 

 1:1000 

Anti-rabbit Alexa Fluor 488 goat Invitrogen IgG 
A11034 

 1:1000 

Anti-mouse Alexa Fluor 488 goat Invitrogen IgG 
A10684 

 1:1000 

Anti-mouse, HRP-conjugated goat GE Healthcare Uk 
limited NXA931 

1:10000  

Anti-rabbit, HRP-conjugated goat Cell Signaling 
#7074 

1:10000  

Anti-mouse IgG, HRP-
conjugated 

horse Cell Signaling 
#7076 

1:10000  

Apoptosis cocktail  goat Abcam ab136812 1:250  
 
The table indicates the species, the dilution used for the different techniques and the supplier.  
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2.6 Site-directed mutagenesis 
Site-directed mutagenesis was performed by Mutagenex (USA) and the 

mutations were checked by DNA sequencing. Serine or tyrosine residues were mutated 

to an alanine in order to provide a phosphoablative (null) mutant. In fact, serine and 

tyrosine residues are often phosphorylated in physiology due to the presence of a 

hydroxyl (–OH) group in their lateral chair. Hence, when this is mutated to an alanine, it 

cannot be phosphorylated anymore since the alanine only has a methyl group (-CH3) 

that cannot be phosphorylated. The mutants that have been used in this project are 

listed in Table 2.7. 

 

Construct Wild-type DNA sequence Mutant DNA sequence 
ZIP6 S471A CAGTTGTCCAAGTAT CAGTTGgCCAAGTAT 

ZIP6 S478A CAACTTTCAACAAAT CAACTTgCAACAAAT 

ZIP6 Y528A GAAGTCTACAATGAA GAAGTCgcCAATGAA 

ZIP6 Y531A AATGAATATGTACCC AATGAAgcTGTACCC 

ZIP6 Y528A/Y531A GTCTACAATGAATAT GTCgcCAATGAAgcT 
 
Table 2.7 Sequences of mutants used in the project with their corresponding wild type sequence. 
The letters in bold represent the wild type sequence of DNA bases that were mutated with the 
corresponding mutation on the right. The mutation is indicated on the right by a lower case letter in bold. 

 

2.7 Plasmid preparation 
Transformation was performed by inserting recombinant ZIP6 or ZIP10 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 transformed bacteria were grown overnight on agar plates containing 100 µg/ml 

ampicillin at 37°C. The correctly-orientated plasmids were then purified using 

EndoFreeÒ Plasmid Maxi Kit (Qiagen, Germany) following the manufacturer’s 

instructions (for buffers composition see Appendix 1). One colony from the selective 

plate was inoculated in 5 ml Lennox LB medium (Sigma Aldrich) containing 100 µg/ml 

ampicillin and incubated for 8 hours at 37°C with vigorous shaking. The starter culture 

was further diluted 1/500 in LB medium containing 100 µg/ml ampicillin for 16 hours at 

37°C with vigorous shaking. The bacterial cells were harvested at 6000 x g for 15 minutes 

at 4°C and the pellet resuspended in 10 ml of Buffer P1 containing 100 µg/ml RNAse and 

1x LyseBlue after which 10 ml of Buffer P2 and P3 was added. The lysate was filtered 

using the QIAfilter Cartridge and 2.5 ml of buffer ER was added to the filtered lysate 
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before incubation on ice for 30 minutes. The plasmid DNA was purified using a Qiagen 

resin and eluted with buffer QN. The DNA was precipitated with isopropanol, washed 

with endotoxin-free-room-temperature 70% ethanol and resuspended in the 

appropriate amount of endotoxin-free TE buffer. The DNA concentration and purity was 

calculated using UV spectrophotometry measuring the absorbance at 260 nm (OD260) 

and the ratio of the absorbance at 260 to the absorbance at 280 nm (OD260/OD280), 

respectively. Gel electrophoresis was performed to check the size of the plasmid by 

loading 5 µg of plasmid DNA and 0.25 µg of Quick-Load 1kb DNA ladder (New England 

Biolabs) and visualised with a UV transilluminator. 

 

2.8 DNA transfection 
MCF-7 cells or NMuMg cells with a 70% confluence were transfected with 

plasmid DNAs of recombinant human ZIP6 wild type or mutant constructs using 

Lipofectamine-3000 transfection reagent (Invitrogen), following the manufacturer’s 

protocol. The recombinant DNA contained a C-terminal V5 tag which allowed 

visualisation with a V5 antibody by immunofluorescence. When used for 

immunofluorescence, cells were seeded into 35 mm dishes containing a 22x22-mm 0.17 

mm thick glass coverslip. The transfection was performed for 16 to 18 hours in the 

presence of 3mM butyrate, which enhances the expression of recombinant DNA (Kyung 

et al., 2005). 

 

2.9 siRNA transfection 
NMuMg wild type or NMuMg ZIP6 knockout cells were seeded onto 35 mm 

dishes until 70% confluent and transfected with 25 pmol of mouse ZIP10 siRNA 

(Dharmacon, USA) using Lipofectamine RNAiMAX reagent (Invitrogen), following the 

manufacturer’s protocol in DMEM antibiotic free medium. The transfection was 

performed for 72 hours at 37°C. Cells were then harvested and used either for western 

Blot or MTT analysis. Details about the siRNA pool sequences are shown in Table 2.8. 
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siRNA target mZIP10 Non targeting control 

Product number D-059712-00 D-001206-14-05 

mRNA Target  CAACACUACUCGUCACGUU UAAGGCUAUGAAGAGAUAC 

sequences CGAGAAGCACCACAUGUUA AUGUAUUGGCCUGUAUUAG 

 CAGCAGACUUUGUAUUGAA AUGAACGUGAAUUGCUCAA 

 GUGGAUCUGUGGCAUCAUA UGGUUUACAUGUCGACUAA 

 
Table 2.8 Summary of targeted siRNAs used throughout the project. 
 

2.10 Proximity ligation assay 
Proximity ligation assay is a technique that allows the detection of interactions 

between proteins in close proximity by fluorescence. Cells are probed with two different 

antibodies from two different species and then coupled with secondary antibodies 

conjugated with specific oligonucleotides (PLA probe MINUS for rabbit and PLA probe 

PLUS for mouse). The cells are then exposed to a solution containing oligonucleotides 

and a ligase. If these probes are in proximity to each other, the oligonucleotides will 

hybridise with the probes. An amplification solution containing nucleotides and 

fluorescent oligonucleotides conjugated to Alexa Fluor 594 is added and the 

oligonucleotide arm of one of the PLA probes acts as a primer for the beginning of a 

rolling-circle amplification which generates a concatemeric product. If the two proteins 

are in close proximity, then the product is seen by fluorescence microscopy as a bright 

fluorescent red spot due to the conjugation of Alexa Fluor 594 to the reagent. 

 

For the experiment, MCF-7 cells were seeded in an 8 well chamber coverslide 

(Nunc, Denmark) up to 70-80% confluence. After a 20 hours nocodazole treatment, cells 

were fixed with 3.7% formaldehyde (Sigma Aldrich, United States) for 15 minutes 

followed by several washes with PBS. The proximity ligation assay was made using the 

Duolink kit (Sigma Aldrich), following the manufacturer’s protocol (Figure 2.3). After the 

wash with PBS, the sides of the wells were removed from the chamber slides leaving the 

gaskets behind, in order to minimise the amount of reagent to be used. Cells were 

permeabilised and blocked for 15 minutes with a 50/50 mixture of Duolink blocking 

solution and permeabilisation buffer made of 1% BSA (Sigma Aldrich) and 0.4% saponin 

(Sigma Aldrich), followed by an hour of incubation at room temperature with a solution 
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of primary antibodies made up in permeabilisation buffer. Cells were then incubated in 

a preheated humidity chamber for an hour at 37°C with a solution of MINUS (rabbit) and 

PLUS (mouse) probes, followed by a 30 minute incubation with a ligation-ligase solution. 

The subsequent step was performed in the dark because the reagents were light 

sensitive and cells were incubated for 100 minutes with an amplification solution 

containing a polymerase. All the solutions were made up in permeabilisation buffer. 

After the removal of the gaskets, a coverslip was mounted onto the slide with 

vectorshield containing DAPI and sealed with nail polish. Cells were visualised on a Leica 

RPE automatic microscope using a 63x oil immersion lens with a multiple bandpass filter 

for DAPI and Texas Red, taking at least 6 pictures per well with 25 stacks 0.3 µm apart 

for each red image. The counting of the number of dots per cell was made using ImageJ 

software.  A schematic of the PLA procedure can be found in Figure 2.3. 

 

 

Figure 2.3 PLA schematic. 
Briefly, two antibodies raised in different species are used in order to detect the proteins of interest. After 
primary antibody incubation, cells are incubated with a solution of secondary antibodies conjugated with 
specific oligonucleotide probes. Further incubation with a ligase solution containing DNA oligonucleotides 
and a polymerase solution which amplifies the DNA circle generates a rolling circle amplification reaction. 
Pictures were captured under a microscope with 25 stacks 0.3 µm apart for each image and results were 
visualised as red spots and counted with ImageJ.  

Two antibodies raised 
in different species 
bind the two epitopes 
of interest.

Secondary antibodies 
conjugated with PLA 
probes (PLUS and 
MINUS) are added.

Mouse Ab Rabbit Ab
PLUS (mouse)

MINUS (rabbit)

Two circle forming 
DNA oligonucleotides 
and the ligation 
enzyme are added. 

Polymerase amplifies the DNA 
circle. Fluorescent labelled, 
complementary probes bind to 
the amplified DNA.

1. 2.

3. 4.

Fluorescent red dots are 
visualised under a 
microscope.

5.
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2.11 Fluorescence-activated cell sorting (FACS analysis) 
Cell cycle analysis was performed by flow cytometry. Briefly, cells seeded in 35 

mm dishes were trypsinised, washed in PBS and fixed overnight in 70% ethanol at -20°C. 

The next day fixed cells were centrifugated at 2000 rpm and incubated with a staining 

solution of 20 µg/ml propidium iodide, 0.2 µg/ml DNase-free RNase A and 0.01% Triton 

X-100 at 37°C for 20 minutes. The cell suspension was passed through a cell strainer and 

fluorescence was measured with BD FACSVerse Flow Cytometer. Cell cycle analysis was 

carried out with FlowJo software version 10. 

 

The amount of zinc in the different resistant cell lines was measured through a 

zinc assay using a BD FACSVerse Flow Cytometer. Cells were seeded on 35 mm dishes 

until 70-80% confluent, trypsinised and incubated with 5 µM Fluozin-3 dye (Invitrogen) 

for 30 minutes at 37°C, followed by a 30 minute recovery in dye-free medium at 37°C. 

Cells were then washed with PBS and kept on ice until analysis. FACS analysis results 

were analysed using FlowJo software version 10. 

 

2.12 MTT assay 
Cell viability/toxicity was measured using an MTT assay, testing the ability of a 

mitochondrial dehydrogenase enzyme from viable cells to cleave the tetrazolium ring of 

the pale yellow MTT [3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide] to 

form a purple formazan crystal which is impermeable to cell membranes, thus resulting 

in its accumulation in healthy cells. 

6-9 x 103 cells previously transfected with siRNA for 72 hours in 35 mm dishes, were 

seeded onto a 96 well plate and allowed to grow for 2-3 days. Cells were washed with 

200 µl warm PBS and incubated with 150 µl of MTT (0.5 mg/ml) at 37°C for 4 hours. The 

MTT was then removed from the plate and cells were lysated with 100 µl Tritox X-100 

(10% in PBS) (Sigma Aldrich) and left overnight at 4°C. The colour was quantified using a 

colorimetric assay and measured on a scanning spectrophotometer (ELISA reader) which 

measures OD at 540 nm. Similarly, cells treated with nocodazole ± ZIP6 or ZIP10 

antibody, at 4 µg/ml or 10.5 µg/ml respectively for 20 hours, were washed with PBS and 

incubated with 800 µl of MTT (0.5 mg/ml) but only transferred to a 96 well plate after 

the lysis with Triton X-100 for the colorimetric reading. 
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2.13 Immunoprecipitation 
Cells were seeded on 60 or 35 mm dishes and lysed at 70% confluence (see 

western blot method). 500 µg of lysate was incubated for 2 hours at 4°C on a rotator 

with 2 µg of the antibody directed against the protein to be immunoprecipitated and 

taken to a volume of 1 ml with lysis buffer. In the meantime, 30 µl of the EZview Red 

Protein Affinity Gel Beads (Sigma) were equilibrated in lysis buffer. Following the 2 

hours’ incubation, the lysate, antigen and antibody were mixed with the appropriate 

immunoprecipitation beads according to the species the antibody was raised in (EZview 

Red Protein Affinity Gel Beads, Sigma Aldrich) and incubated for a further 2 to 3 hours 

at 4°C on a rotator to allow the complex of antigen/antibody to bind to the beads. The 

supernatant was discarded, and the beads were washed three times with lysis buffer. 

After the final wash, 25 µl of 2X loading buffer and 25 µl of lysis buffer were added to 

the beads containing the immunoprecipated protein and this mixture was denaturated 

at 100° C for 5 minutes in order to dissociate the antibody/antigen/bead complexes. The 

supernatant containing the protein of interest was collected and run on SDS-page 

followed by western blotting as described above. 

 

2.14 ELISA (Enzyme-linked immunosorbent assay) 
In order to measure the concentration of our customised ZIP6 antibody (mouse 

monoclonal) an immunoassay was performed using an IgG mouse uncoated ELISA kit 

(Invitrogen) following the manufacturer’s protocol. In summary, a 96-well plate 

(provided with the kit) was coated with 100 µl/well of pre-titred purified anti-mouse IgG 

monoclonal antibody and incubated at 4°C overnight. The following morning the plate 

was washed twice with 400 µl/well of wash buffer, consisting of 1X PBS 0.05% Tween-

20 (Sigma Aldrich). The wells were blocked with 250 µl/well of blocking solution (PBS 

with 1% Tween 20 and 10% BSA) and incubated at room temperature for 2 hours. After 

this time, wells were washed twice and the samples and standard solution were 

prepared as a 2-fold dilution series. The concentration of the initial standard was 100 

ng/ml, and since our antibodies had an unknown concentration a dilution of 1/500 was 

performed. All wells had 50 µl/well of detection antibody (pre-titred HRP-conjugated 

anti-mouse IgG polyclonal antibody) added and were incubated at room temperature 

for 3 hours. After 4 washes, 100 µl/well of substrate solution was added and incubated 

at room temperature until the colour developed sufficiently (15-20 minutes). The 
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reaction was stopped by adding 100 µl/well of stop solution (2N H2HSO4, Sigma Aldrich) 

and the plate was read at 450 nm using a microplate spectrophotometer. The standard 

and interpolation curve for the standard and the unknown sample was performed using 

GraphPad. The concentration of our customised antibodies was calculated using Excel 

software for Mac OS. 

 

2.15 Easy-Titer IgG assay 
The concentration of the ZIP10 customised antibody (rabbit polyclonal) was 

evaluated using an easy-titer IgG assay kit from ThermoFisher Scientific (Catolog 

Number: 23305). This kit allowed for a quick and accurate determination of 

concentrations from 15-300 ng/ml of IgG, using monodispersed polystyrene beads that 

were coated with anti-IgG antibodies and absorbed light at 340 and 405 nm. This kit 

allows for the quantification of IgG in serum, ascites or cell culture supernatant. When 

the IgG binds to the beads, the beads aggregate and this leads to a decrease in light 

absorption which allows for the identification of the concentration by comparing the 

absorbance values to a standard curve of a known concentration. The standard used for 

the determination of the ZIP10 antibody concentration was a rabbit IgG isotype control 

from Invitrogen (#02-6102) at a known concentration of 5 mg/ml. Before starting the 

experiment, it was important to make sure that the beads were well mixed on a rotator 

for at least 10 minutes and vortexed for 60 seconds before use. The IgG standard was 

diluted to an initial concentration of 100 µg/ml and then additional dilutions were made 

with the supplied dilution buffer. Dilution buffer was added to the sample as the 

standard, but since the concentration of the sample was unknown, several starting 

dilutions were chosen from 1/50 to 1/5000. Only samples that fit on the curve were used 

for the final calculations. The first part of the assay required pipetting of 20 µl of mixed 

beads into the appropriate well of a 96 well plate. Following this, 20 µl of standard or 

sample was added to the wells containing beads. The 96 well plate was then mixed for 

5 minutes on a plate mixer at a moderate speed before addition of 100 µl/well of the 

blocking buffer provided, and the plate was mixed again for 5 minutes on a plate mixer. 

The plate was then read at either 340 or 405 nm using a microplate spectrophotometer. 

Before reading the plate, any bubble was removed by using a needle, in order to prevent 

any misinterpretation of the data. Data was analysed using Excel software for Mac OS 
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and a standard curve was generated using GraphPad. The concentration of the sample 

was determined by interpolating between points on the curve. 

 

2.16 Computational sequence analysis of ZIP transporters 
The amino acid sequences of the ZIP family members were found on the NCBI 

database in text-based FASTA format and aligned using the ClustalW multiple sequences 

alignment program (Swiss Institute of Bioinformatics) (Larkin et al., 2007). The aligned 

sequences were then analysed with the BoxShade program (Swiss Institute of 

Bioinformatics) (available https://embnet.vital-it.ch/software/BOX_form.html) to check 

similarities or identities between the different members of the family. Furthermore, the 

aligned sequences were used to generate a phylogenetic tree using the Phylogeny.fr 

free web service (Dereeper et al., 2008). 

 

The analysis and prediction of phosphorylation sites of ZIP6 and ZIP10 was 

performed using several online phosphorylation site databases: PHOSIDA (Max Planck 

Institute of Biochemistry) (Gnad, Gunawardena & Mann, 2011), PhosphoNET (Kinexus 

Bioinformatics Corporation), NetPhorest 2.1 (University of Copenhagen) (Horn et al., 

2014), NetPhos 3.1 (Blom et al., 2004) and PhosphoSitePlusÒ (PSP) (Hornbeck et al., 

2015). Predicted sites without mass spectrometry confirmation were discarded. The 

analysis of potential cleavage sites was carried out using online databases such as 

epestfind (EMBOSS explorer) (Rogers, Wells & Rechsteiner, 1986) or ELM (Dinkel et al., 

2016). 

 

2.17 Affymetrix analysis of gene expression 
RNA samples for microarray analysis were extracted in triplicates from each 

different cell line and sent by the Breast Cancer Molecular Pharmacology Group to the 

Cardiff University Centre of Biotechnology Services (CBS) Affymetrix GeneChipÒ 

profiling service. Samples were checked by CBS for any DNA contamination or RNA 

degradation by initial quality control assessment before consequent microarraying using 

an Affymetrix-recommended procedure and kits (WT Human 1.0ST microarray platform) 

(Ertefai, 2016). During this procedure each sample was hybridized to a single Affymetrix 

1.0ST GeneChip. Hybridised arrays were scanned using an Affymetrix GeneChip Scanner 

and pre-processed by correcting background, normalisation of data and providing 
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summary of gene expression level for each gene probeset. Comparative gene expression 

analysis was performed using an online software package called Genesifter 

(www.genesifter.net) by uploading the data for each model. Using this software, the 

gene of interest (SLC39A7/ZIP7): Probeset ID 8179525 and SLC30A1/ZnT1: Probeset ID 

7924092) were visualised as a heatmap comparing the MCF-7 cells to the resistant cell 

lines and by using log2 intensity plots. 

 

2.18 Statistical analysis 
Statistical analysis was performed using t-test or analysis of variance (ANOVA) 

with Dunnet or Bonferroni post-hoc or Student t-test analysis. The difference was 

considered significant when p<0.05. The error bars show standard error of the mean 

(SEM) from at least 3 experiments for western blot and the cell growth analysis and 6 

different visual fields for immunofluorescence from 3 different biological replicates. 

Statistical analysis of the immunohistochemical parameters was done through the “Cell 

Signalling Series” SPSS database available in the Breast Cancer Molecular Pharmacology 

Group. Non-parametric statistical analyses were performed using the pZIP7 HScore in 

correlation to several signalling pathways or endocrine markers using Spearman’s 

correlation test. Mann-Whitney analysis was used to analyse pZIP7 level in relation to 

clinicopathological parameters such as tumour grade, size, age or menopausal status. 

Statistical analysis was performed using IBM SPSS or GraphPad software.  
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2.19 Materials 
All the materials that have been used for the development of this project are 

listed in the following table (Table 2.9). 

 

Reagent/material Manufacturer Catalogue number 

Acrylamide/bis-acrylamide 30% 

solution, 37.5:1 

Sigma Aldrich, USA A3699 

Agarose Bioline Ltd, UK BIO-41025 

Ammonium persulfate Sigma Aldrich, USA A3678 

Amphotericin B (fungizone) Invitrogen, UK 15290 

BD FACSVerse Becton, Dickinson UK. Ltd  

Bio RAD Protein Assay Dye Reagent 

Concentrate 

Bio-Rad, USA #500-0006 

Blue sensitive X-ray film Photon Imaging Systems FM024 

Bovine Serum Albumin Sigma Aldrich, USA A7030 

Bromophenol Blue Merck, USA L54971322 

Cell scraper Greiner Bio-one Ltd, UK  

ClarityÔ, Western ECL substrate Bio-Rad, USA #170-5061 

DAB (Diaminobenzidine) DAKO, UK K3468 

Dimethyl sulphoxide (DMSO) Sigma Aldrich, USA D8418 

1.4-Dithiothreitol (DTT) Sigma Aldrich, USA 10708984001 

DAPT Sigma Aldrich, USA D5942 

Dulbecco’s Modified Eagle Medium 

(DMEM)  

Fisher Scientific, UK 11960044 

Dulbecco’s Phosphate Buffered 

Saline 

Life Technologies Europe 

Ltd, UK 

14190-094 

DuolinkÒ In Situ Detection 

Reagents 

Sigma Aldrich, USA DUO92008 

DuolinkÒ PLA probe (Anti-mouse 

plus)  

Sigma Aldrich, USA DUO92001 

DuolinkÒ PLA probe (Anti-rabbit 

minus) 

Sigma Aldrich, USA DUO92006 



 64 

EDTA (Ethylenediaminetetraacetic 

acid) 

Sigma Aldrich, USA E5134 

EGTA (Ethylen Glycol Tetra-acetic 

acid)  

Sigma Aldrich, USA E3889 

Ethanol Fisher, UK E/0650DF/17 

Ethidium bromide Sigma Aldrich, USA E8751 

EZview Red Protein A Affinity Gel Sigma Aldrich, USA P6486 

EZview Red Protein G Affinity Gel Sigma Aldrich, USA E3403 

Fluozin-3 Invitrogen, UK F24195 

Foetal bovine serum (FBS) Invitrogen, UK 26140 

Formaldehyde 37-41% Fisher Scientific, UK 10041040 

Glycerol Sigma Aldrich, USA G5516 

Glycine Fisher Scientific, UK CAS 56-40-6 

Hydrochoric acid 5M Fisher, UK J/4310/17 

ImmersolÔ oil  Carl Zeiss, Germany 150925 

Isopropanol Fisher Scientific, UK 10723124 

Isoton azide-free balanced 

electrolyte solution 

Beckman, UK 8448011 

L-glutamine 200 mM (100X) Life Technologies Europe 

Ltd, UK 

25030-024 

Lipofectamine RNAiMAX Life Technologies Europe 

Ltd, UK 

13778-075 

Lipofectamine 3000 Life Technologies Europe 

Ltd, UK 

L3000001 

Marvel Dried Skimmed Milk Premier Internationals 

Foods, UK 

3023034 

Methanol Fisher Chemical, UK 10284580 

Methyl Green Sigma Aldrich, USA D2376 

Mounting Medium with DAPI Sigma Aldrich, USA DUO82040 

Nitrocellulose membrane GE Healthcare Life 

Siences, UK 

10600002 
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Nocodazole Sigma Aldrich, USA M1404 

Paraplast plus, wax Sigma Aldrich, USA P3683 

Penicillin/Streptomycin Invitrogen, UK 15140 

Pierce ECL Western Blotting 

Substrate 

Thermo Scientific, USA #32209 

Ponceau S Sigma Aldrich, USA P-3504 

di-Potassium hydrogen 

orthophosphate anhydrous  

Fisher Scientific, UK 10375760 

Potassium dihydrogen 

orthophosphate  

Fisher Scientific, UK 10783611 

Precision plus ProteinÔ All-Blue 

Standards 

Bio-Rad, USA #161-0373 

Propidium iodide solution Sigma Aldrich, USA P4864 

Protease Inhibitor Cocktail, animal 

component free in DMSO 

Sigma Aldrich, USA P8340-5ml 

Resolving gel buffer, 1.5 M Tris-HCl 

pH 8.8 

Bio-Rad, USA #161-0798 

RPMI (Roswell Park Memorial 

Institute) 

Life Technologies Europe 

Ltd, UK 

21875-034 

Saponin from quillaja bark 

(sapogenin content ³ 10%) 

Sigma Aldrich, USA S7900 

Serum-Free Protein Block reagent Dako, UK X0909 

Sodium azide (NaN3) Sigma Aldrich, USA S-8032 

Sodium butyrate Sigma Aldrich, USA B5887 

Sodium chloride (NaCl) Sigma Aldrich, USA S6191 

Sodium chloride (NaCl) 99.5% Fisher, UK S/3161/60 

Sodium citrate tribasic dihydrate Sigma Aldrich, USA S4641 

Sodium dodecylsulfate (SDS) Sigma Aldrich, USA L4390 

Sodium fluoride (NaF) Sigma Aldrich, USA S-1504 

Sodium orthovanadate (Na3VO4) Sigma Aldrich, USA S5608 
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Restore Ô PLUS Western Blot 

Stripping Buffer 

Thermo Scientific, USA #46430 

SuperSignalÔ West Femto 

Maximum Sensitivity Substrate 

Thermo Scientific, USA #34095 

Tetramethylethylendiamine 

(TEMED) 

Fisher Scientific, UK 10549960 

Thiazolyl Blue Tetrazolium Bromide Sigma Aldrich, USA M5655 

Thymidine Sigma Aldrich, USA T1895 

Tris Base Fisher Scientific, UK 10103203 

Triton X-100 Sigma Aldrich, USA X100-500ML 

Trypsin-EDTA 0.5% (10X) Life Technologies Europe 

Ltd, UK 

15400-054 

Tween 20 Sigma Aldrich, USA P2287 

Whatman filter paper GE Healthcare Life 

Sciences, UK 

3030-917 

Western Blocking reagent Roche, Germany 11921673001 

VectashieldÒ Hard SetÔ Mounting 

Medium with DAPI 

Vector Laboratories, Inc, 

UK 

H-1500 

VectashieldÒ with DAPI Vector Laboratories, Inc, 

UK 

H-1200 

 
Table 2.9 Table of all the materials used throughout the entire project. 
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3 ACTIVATED ZIP7 AS A BIOMARKER OF ANTI-HORMONE 
RESISTANCE IN BREAST CANCER  
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3.1 Introduction 
As described in Chapter 1, the development of endocrine resistance is a major 

burden in the treatment of breast cancer. Despite the new therapies that have been 

introduced recently and that are currently under clinical trials, the use of endocrine 

therapy is still the mainstay in the management of oestrogen receptor-positive (ER+) 

breast cancer, especially in pre-menopausal women (Clarke, Tyson & Dixon, 2015). For 

this reason, our group, the Breast Cancer Molecular Pharmacology Group of the Cardiff 

School of Pharmacy and Pharmaceutical Sciences, developed cell models of anti-

hormone-resistant breast cancer from MCF-7 (human breast adenocarcinoma cells) 

which reflect the development of resistance in therapy. These cell lines are called TamR 

and FasR, due to their acquired resistance to tamoxifen and Faslodexâ, respectively 

(Knowlden et al., 2003; McClelland et al., 2001). Interestingly, it was seen that a 

prolonged exposure to endocrine therapy led to ER loss, indeed further investigations 

on these resistant cell lines have reported that TamR cells were ER+, whereas FasR cells 

were ER- (Nicholson et al., 2005). Furthermore, these models were expanded to produce 

long term resistant cell models for both the TamR and FasR cells, called TamRL and FasRL 

respectively, developed after a longer exposure (36 months) to tamoxifen and 

FaslodexÒ, which better mimic the clinical situation (Gee et al., 2015). 

 

Since the first evidence of a correlation between increased zinc and ZIP7 to 

breast cancer (Taylor et al., 2008, 2007), this area has become an aspect that needs to 

be further explored in order to help decipher the mechanism that leads breast cancer 

to acquire resistance and fail to respond to endocrine treatment. This chapter expanded 

the first discovery that ZIP7 drives TamR cells to a model of FaslodexÒ resistance, and 

additionally examined any changes in the longer term resistance which better mimics 

the clinical situation. Moreover, since that first discovery, it has been demonstrated that 

the activation of ZIP7 relies on CK2 phosphorylation of two serine residues in the long 

intracellular loop of ZIP7 (Taylor et al., 2012). This has enabled us to use a pZIP7 antibody 

(Nimmanon et al., 2017) as a useful tool to better understand the role of ZIP7 in the 

development of drug resistance. 
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3.1.1 Aims and objectives  
 The aim of this chapter was to analyse the activation of ZIP7 in anti-hormone 

resistant breast cancer models and investigate whether its activation changed when the 

cells had prolonged exposure to endocrine therapy. Additionally, this investigation 

assessed whether pZIP7 can be used as a biomarker of endocrine resistance considering 

the well-established role of ZIP7 in cancer breast (see Chapter 1). This was performed 

by evaluating its presence not only in anti-hormone resistant cell models but also in 

samples belonging to a small clinical series. Therefore, the objectives of this chapter 

were: 

1. To analyse the activation of ZIP7 in anti-hormone resistant breast cancer cell 

lines by using a combination of different molecular biological techniques such as 

western blotting, immunofluorescence and zinc assays; 

2. To develop an immunohistochemical assay for activated ZIP7 to be tested on cell 

pellets of the different resistant cell lines; 

3. To assess ZIP7 activation in a small breast cancer clinical samples series. 

 

3.2 Methods 
Knowing that ZIP7 is activated by CK2 phosphorylation on two serine residues 

(S275/S276) in the long intracellular cytoplasmic loop (Taylor et al., 2012), the pZIP7 

antibody (Table 2.4) developed in our group was used to assess the activation of ZIP7 

(Nimmanon et al., 2017) in comparison to its inactive state. This antibody was tested for 

the first time in our anti-hormone resistant breast cancer models. This antibody was 

used in comparison to a commercial ZIP7 antibody (Table 2.4) and to a customised ZIP7 

antibody (Table 2.4), which both recognise an epitope on the long intracellular loop 

between TM III and TM IV. Western blotting was used to assess activation of ZIP7 in 

comparison to the total level of ZIP7 and to test activation of MAPK and AKT, both 

downstream pathways of ZIP7 (Nimmanon et al., 2017). Activation of ZIP7 was also 

assessed using immunofluorescence and by immunohistochemistry on both cell pellets 

of the resistant cell lines and on a small series of breast cancer clinical samples (NRES 

active, ethical approval C2020313/Nottingham city hospital). Affymetrix and Kaplan-

Meier analyses were used to compare the results of ZIP7 activation to its overall 

expression. Determining the difference in zinc levels between the different anti-

hormone resistant models was performed by using a Fluozin-3 zinc assay. 
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3.2.1 The characterisation of ZIP7 antibodies 
Three ZIP7 antibodies were first characterised for their ability to recognise the 

active and inactive form of ZIP7. The current analysis was performed using a total ZIP7 

polyclonal antibody (ProteinTechÔ) which has the ability to bind both the active and 

inactive form of ZIP7. As seen in Figure 3.1-B, this antibody recognises a long epitope 

situated between TM III and IV (residues 236-383) which includes the two serine 

residues S275 and S276, which are phosphorylated by CK2 (Taylor et al., 2012). The 

western blot carried out with this antibody showed two different bands: one at 35 kDa 

and another at 48 kDa (Figure 3.1-A). The 48 kDa band is at the same size as that 

obtained with our anti-pZIP7 antibody (Figure 3.1-A). Surprisingly, the 35 kDa band was 

consistent with the band seen using another customised total ZIP7 B polyclonal antibody 

(Figure 3.1-A) that has its epitope in a region of the cytoplasmic loop containing the 

residues S275 and S276 (residues 264-277) (Figure 3.1-B). The ZIP7 B antibody normally 

showed two bands on western blotting at 35 and 40 kDa (Figure 3.1). Therefore, it was 

assumed that the 40 kDa band was unspecific. The epitope of this antibody was smaller 

than the one of the ProteinTechÔ total ZIP7, suggesting that it could have been unable 

to recognise the phosphorylated form of ZIP7, despite the fact that the epitope 

contained the residues 275-276. Additionally, since there was evidence that the ZIP7 B 

antibody became deteriorated, its use for the current investigation was discarded. 

Furthermore, the molecular size of ZIP7 is predicted to be around 50 kDa (Taylor & 

Nicholson, 2003), and there is currently no evidence that ZIP7 undergoes any proteolytic 

cleavage. Hence, it remained elusive whether the 35 kDa band was corresponding to 

ZIP7. For this reason and for the purpose of this project only the 48 kDa band was 

considered for the following analyses. The presence of a 35 kDa band on western 

blotting is still unclear and therefore could be subject of future investigations. 

 

Conversely, the pZIP7 antibody allows the detection of the active form of ZIP7, 

regardless of its inactive state, since it is only specific to ZIP7 when phosphorylated on 

S275 and S276 (Nimmanon et al., 2017) (Figure 3.1). The evaluation of its active state is 

important as the release of zinc mediated by ZIP7 activation is implicated in several 

downstream pathways which have a significant impact on cancer prognosis. Some of 

these include MAPK, mTOR and PI3K, which are all involved in cell survival and cell 

proliferation (Nimmanon et al., 2017). 
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Figure 3.1 Comparison of ZIP7 antibodies. 
A. MCF-7 cells were harvested and probed for three ZIP7 antibodies. The customised ZIP7 B antibody shows 
two bands at 35 and 40 kDa. The total ZIP7 antibody (ProteinTechÔ) detects two bands, one at 35 and 
one at 48 kDa. The 35 kDa band is consistent with the band seen using the ZIP7 B antibody. The pZIP7 
antibody shows a unique band at 48 kDa. 
B. Schematic showing the epitopes of the different ZIP7 antibodies used for the investigation of ZIP7 in 
anti-hormone resistant cell lines. All the three antibodies have their epitope in the long cytoplasmic loop 
between TM III and TM IV.  
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3.3 Results 
3.3.1 Investigation of zinc channel ZIP7 in anti-hormone resistant breast cancer cell 

models 
The level of ZIP7 activation was assessed first using biological tests. The 

experiments were carried out by western blot and immunofluorescence, using our 

unique anti-pZIP7 monoclonal antibody (Nimmanon et al., 2017) to evaluate the 

activation of the channel. This analysis compared phosphorylated ZIP7 in MCF-7 cells to 

our unique anti-hormone-resistant cell models of tamoxifen-resistance, both short-term 

(TamR) and long-term (TamRL), and FaslodexÒ-resistance, both short-term (FasR) and 

long-term (FasRL). 

 

3.3.1.1 ZIP7 in anti-hormone resistant breast cancer 
Previous studies have identified ZIP7 as a major driver of poor prognostic cancer 

(Hogstrand et al., 2009) and highlighted its potential role in driving anti-hormone 

resistance in breast cancer. In fact, Taylor et al discovered that ZIP7 was highly expressed 

in our TamR cell line (Taylor et al., 2007) and that this cell line had an increased level of 

zinc compared to the non-responsive MCF-7 (Taylor et al., 2008). However, these studies 

were unable to analyse the state of ZIP7 activation, since no antibody was available. It 

was interesting to notice that Kaplan-Meier plotter analysis between relapse-free 

survival in a cohort of breast cancer patients (ER+, HER2-) following endocrine therapy 

or chemotherapy and ZIP7 expression revealed that increased expression of ZIP7 is 

associated with decreased relapse-free survival up to 10 years, suggesting the role of 

ZIP7 in driving cancer growth and aggressiveness (Figure 3.2-A). Therefore, before 

starting any analysis, the expression of the SLC39A7 gene (ZIP7) was checked in the 

different anti-hormone resistant cell lines. The data retrieved with Affymetrix analysis 

of ZIP7 gene expression showed that ZIP7 expression was increased in all the resistant 

cell lines when compared to MCF-7 and, in particular, the highest expression is observed 

in the TamR and FasRL cells (Figure 3.2-B). 
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Figure 3.2 Kaplan-Meier plotter analysis and Affymetrix data. 
A. Kaplan-Meier plotter analysis of relationship between relapse-free survival in a cohort of ER+/HER2- 
breast cancer patients following endocrine treatment or chemotherapy, and ZIP7 expression. Increased 
ZIP7 decreases relapse-free survival up to 10 years. 
B. Affymetrix data showing the gene expression level of ZIP7 in a group of different anti-hormone resistant 
cell lines in comparison to MCF-7 cells is viewed as heatmap and a log2 intensity plot generated using 
Genesifter. The log2 intensity plot shows the mean value of three independent microarray (± SEM) for ZIP7 
mRNA expression. The colours of the heatmap represent an arbitrary legend that goes from green to red, 
indicating with red [1] induced gene expression, black [0] no changes of gene expression and green [-1] 
reduced gene expression.  
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3.3.1.2 Use of pZIP7 antibody to investigate ZIP7 in anti-hormone resistant breast 
cancer 

Next, the level of ZIP7 in the resistant cell line was assessed by western blot. 

Probing with the ProteinTechÔ antibody showed a significant increase of the total 

amount of ZIP7 protein in both TamR (p<0.001) and FasRL cells (p<0.5) when compared 

to MCF-7 (Figure 3.3-A), confirming that seen with the Affymetrix data (Figure 3.2-B). 

The level of total ZIP7 protein was higher in the FasR cells in comparison to the parental 

MCF-7, although not significant. Similarly, the analysis did not reveal any significant 

increase of total ZIP7 protein in the TamRL, suggesting a change in ZIP7 in the long-term 

phenotype (Figure 3.3-A). 

On the other hand, the results gained with our pZIP7 antibody showed a significant 

increase of activated ZIP7 protein in the TamR cells (p<0.001) in comparison to the MCF-

7 cells (Figure 3.3-B). Interestingly, activation of ZIP7 in the TamRL cells was decreased 

in comparison to the TamR cells, yet significant when compared to MCF-7 (p<0.05). In 

contrast, while FasRL cells showed more activated ZIP7 compared to FasR cells, neither 

had a significantly increased level of pZIP7 in comparison to MCF-7 (Figure 3.3-B). 

Nevertheless, the western blotting data allowed measurement of the ratio between 

activated ZIP7 and total ZIP7 and, despite showing an overall increase of pZIP7 in the 

tamoxifen-resistant cell lines, showed a significant increase in the TamR cells (p<0.01) 

(Figure 3.3C), suggesting that TamR cells actively utilise zinc signalling, which may 

change with resistance duration. 

 

While the analysis with the total ZIP7 antibody provided information regarding 

the overall level of ZIP7 protein, which was comparable to data obtained from 

Affymetrix analysis (Figure 3.2-B), the pZIP7 antibody was a valuable tool to assess the 

status of activation of ZIP7 and, as a consequence of that, the cascade of signalling 

pathways that are downstream of its activation. For this reason, this analysis suggested 

that pZIP7 could potentially be a more useful indicator of acquired anti-hormone 

resistance in breast cancer providing evidence not only of anti-hormone resistance but 

also changes over time. 
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Figure 3.3. Study of ZIP7 in anti-hormone resistant breast cancer. 
MCF-7 and the anti-hormone resistant cell lines were seeded in 60 mm dishes, and harvested at 70% 
confluence. Samples for western blot were prepared and probed with different ZIP7 antibodies. The 
experiment was performed using four biological replicates and the densitometric data was normalised to 
b-actin. The bar graphs show the mean values of n= 4 ± SEM (standard error of mean). Statistical analysis 
was performed and statistical significance is shown as *** (p<0.001), ** (p<0.01) and *(p<0.05). 
A. The total ZIP7 antibody (ProteinTechÔ) detects one band at 48 kDa which corresponds to both the 
inactive and active form of ZIP7. 
B. The pZIP7 antibody detects a unique band at 48 kDa, which corresponds to the active form of ZIP7 when 
phosphorylated on residues S275 and S276. 
C. Ratio between pZIP7 and total ZIP7 densitometry is expressed as a bar graph.  
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3.3.1.3 Tamoxifen-resistant models show increased ZIP7 activation 
The analysis of activated ZIP7 was performed with immunofluorescence using 

the pZIP7 antibody (red fluorescence) along with DAPI (blue fluorescence) staining 

(Figure 3.4). DAPI allowed the detection of the total number of cells per field of view. 

Therefore, when looking at the overlay picture it was possible to assess the amount of 

cells that were positive for pZIP7 and gain an estimation of the proportion of ZIP7 

activation in the different cell lines. This analysis confirmed the western blot data for 

the level of ZIP7 activation, as it was evident that the TamR cells had increased activation 

of ZIP7 compared to MCF-7 (Figure 3.4). Interestingly, TamRL cells also showed a similar 

raised activation of ZIP7 as seen in the TamR model (Figure 3.4). Both TamR and TamRL 

showed that almost all of the cells stained positively for pZIP7 in comparison to MCF-7. 

This was an interesting result consistent with the TamR phenotype being able to utilise 

ZIP7-mediated zinc signalling to drive its growth (Taylor et al., 2008). 

 

In contrast, the staining for FasR cells reflected what was seen with western 

blotting as there was no clear increase of activated ZIP7 when compared to MCF-7, 

despite a slight increase of pZIP7 in the FasRL (Figure 3.4). Interestingly, FasRL showed 

more staining for phospho-ZIP7 compared to FasR cells and also suggested the 

possibility of the presence of two different subclones in this long-term resistance cell 

line (Figure 3.4, white arrows). In fact, in a previous study it was discovered that our 

models of FaslodexÒ resistance were characterised by the presence of two different 

clones: EGFR positive and EGFR negative (Lewis, 2010). The double clonality of these cell 

lines could suggest that the cells that are EGFR positive may utilise more zinc than the 

other clone, hence the difference in ZIP7 activation observed. 
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Figure 3.4 Activation of ZIP7 is increased in tamoxifen-resistant cell lines. 
Cells were seeded on coverslips, fixed with 3.7% formaldehyde and stained for pZIP7 antibody (red) and 
DAPI (blue). Pictures are representative of n=3 for each cell line model and were taken with a 63x oil lens 
using Leica DMIRE2 Microscope. The arrows indicates the potential dual clonality of cells found for the 
FasRL cell line: EGFR positive (green arrow) and EGFR negative (white arrow). 
Scale bar: 10 µm.  
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The difference observed between the activation of ZIP7 in the two models of 

endocrine resistance (TamR + FasR) could be linked to the distinct phenotype of the two 

resistant cell lines. It was interesting to notice that the two resistant models have a 

different expression of the zinc transporter ZnT1 (Figure 3.5). The zinc transporter ZnT1 

is another important player in the mobilisation of zinc, being the major zinc exporter, as 

it is the only SLC30A family member which resides on the plasma membrane (Palmiter 

& Findley, 1995). AffymetrixÒ data of the gene SLC30A1 (ZnT1) in the different resistant 

cell lines revealed that the highest expression of ZnT1 is observed in the FasR cells 

(Figure 3.3), raising the question whether this could have an effect on zinc homeostasis, 

considering both ZIP7 and ZnT1 play a pivotal role in transporting zinc in the opposite 

direction. 

 

 

Figure 3.5 Affymetrix data regarding SLC30A1 (ZnT1) expression. 
Affymetrix data showing the gene expression level of ZnT1 in a group of different anti-hormone resistant 
cell lines in comparison to MCF-7 cells is viewed as a heatmap and a log2 intensity plot generated using 
Genesifter. The log2 intensity plot shows the mean value of three independent microarray (± SEM) for ZnT1 
mRNA expression. The colours of the heatmap represent an arbitrary legend that goes from green to red, 
indicating with red [1] induced gene expression, black [0] no changes of gene expression and green [- 1] 
reduced gene expression.  
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3.3.2 Zinc measurement in anti-hormone resistant breast cancer 
To try to understand whether ZIP7 and ZnT1 may play a role in zinc homeostasis 

in FasR cells, the content of zinc in each different resistant cell line was measured in 

comparison to MCF-7. Previous studies have shown that TamR cells have higher levels 

of intracellular zinc than MCF-7 cells (Taylor et al., 2008). The content of zinc can 

influence the activation of all the downstream pathways which are related to and 

activated by zinc, such as AKT, PI3K, GSK3b, MAPK or mTOR (Nimmanon et al., 2017). Its 

evaluation was a valuable tool to better understand what happens to cells when they 

acquired resistance to a specific drug and whether increased zinc signalling was part of 

this mechanism. 

 

FACS analysis was performed using Fluozin-3, an indicator selective for the 

detection of zinc in the range of 1-100 nM (Taylor et al., 2008). Despite a recent paper 

has suggested that Fluozin-3 may be more specific to measure vesicular zinc rather than 

labile zinc (Han et al., 2018), Fluozin-3 was used in the following experiment to assess 

intracellular zinc. This dye was believed suitable to measure intracellular zinc in the 

different anti-hormone resistant cell lines, as previous investigations in our group have 

shown that TamR cells had a significant increase in intracellular zinc in comparison to 

MCF-7 when using Fluozin-3 as zinc dye. In particular, TamR cells treated with ZIP7 siRNA 

and loaded with Fluozin-3 had a significant reduction of intracellular zinc, whereas cells 

treated with 20 µM zinc + ionophore showed a significant increase of intracellular zinc, 

confirming that Fluozuin-3 was a suitable marker of intracellular zinc (Taylor et al., 

2008). Interestingly, results within this current project showed that FasR cells had 

increased levels of zinc in comparison to MCF-7 (p<0.05) (Figure 3.6). This data also 

confirmed a previous study demonstrating increased zinc in TamR cells (Taylor et al., 

2008). Nevertheless, both the two long-term resistant cells did not show the same 

significant increased intracellular zinc when compared to MCF-7, suggesting changes in 

zinc signalling use with resistance duration (Figure 3.6). 
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Figure 3.6 FasR and TamR cells have increased cytoplasmic zinc in comparison to the parental MCF-7 
cells. 
A. Cells of the different cell lines were seeded on 60 mm dishes up to 70% confluence and loaded with 
Fluozin-3. FACS analysis was performed and the data is shown in an overlay histogram. 
B. Measurement of total cell fluorescence is shown in a bar graph as mean values of n=3 + ± SEM (standard 
error of mean). Statistical significance is shown as * (p<0.05).  
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3.3.3 Examination of downstream signalling pathways of ZIP7 
In a recent study in our group, it was demonstrated that ZIP7 is associated with 

the activation of downstream pathways such as MAPK, mTOR and PI3K-AKT (Nimmanon 

et al., 2017) (Figure 3.7). In order to examine a relationship between ZIP7 activation and 

downstream signalling pathways, the activation of AKT and MAPK was examined in anti-

hormone resistant breast cancer cell lines. 

 

 

Figure 3.7 Downstream pathways of activated ZIP7. 
ZIP7 is activated by CK2-phosphorylation on two serine residues on the long intracellular loop between TM 
III and TM IV. Its activation is involved in the activation of several downstream pathways such as AKT, 
mTOR, MAPK and PI3K (Nimmanon et al., 2017). 
 

 

AKT is a widely known kinase which can be considered the mainstay of pathways 

leading to cell proliferation and oncogenesis (Chang et al., 2003). Accordingly, the link 

between ZIP7 activation and this molecule may be crucial in the development of 

aggressiveness in cancer and in particular the development of endocrine resistance. The 

analysis of AKT activation was performed by evaluating the ratio between the active 

form of AKT phosphorylated on serine residue 473 to the total AKT protein level. AKT is 

activated via phosphorylation on two residues: serine 473 and threonine 308, which are 

both required for maximal activation of the molecule (Alessi et al., 1996). However, AKT 

phosphorylation on S473 residue is the most common site used for investigation of 

active AKT, as being extensively studied in cancer (Vivanco & Sawyers, 2002; Bjornsti & 
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Houghton, 2004). Analysis of activated AKT in our resistant cell lines in comparison to 

MCF-7 showed increased AKT activation (pSer473) in the TamR cells (p<0.05) and TamRL 

(p<0.01) (Figure 3.8-A). The increased activation of AKT in tamoxifen-resistant cell lines 

was consistent with activated ZIP7, as AKT is a direct downstream of the zinc release 

induced by ZIP7 activation (Nimmanon et al., 2017). The same investigation on 

FaslodexÒ-resistant MCF-7-derived cells did not show any significant activation of AKT, 

which mirrored the previous results seen for the activation of ZIP7 in these cell lines 

(Figure 3.3 B). This result highlighted the requirement for ZIP7 activation in the onset of 

AKT cascade signalling in the tamoxifen-resistant cell line. 

 

Further to the analysis of activated AKT, MAPK activation was also analysed. The 

MAPK signalling pathway is widely known for its implication in cancer survival, which is 

the reason why it is often used as a target for cancer treatment (Hayes & Der, 2007). 

Since MAPK was seen as a downstream pathway of ZIP7 activation (Nimmanon et al., 

2017), its activation in the anti-hormone resistant cell lines could help us to understand 

the mechanism behind drug resistance. Similarly to other kinases, MAPK is activated by 

phosphorylation and, in particular, the p42/p44 MAPK (ERK1/2) is phosphorylated on 

residues T202/Y204 and T185/Y187 respectively (reviewed by Chen et al. 2001). Similar 

to the analysis of AKT, the level of active MAPK was measured in comparison to the total 

p42/p44 MAPK kinase protein. The analysis of activated p42/p44 MAPK performed on 

MCF-7 in comparison to the tamoxifen and FaslodexÒ resistant cell lines revealed a 

significant decrease of activated MAPK in the FasR and FasRL cell lines (p<0.05) in 

comparison to MCF-7 (Figure 3.8-B). In contrast, there was no significant difference of 

activated MAPK when comparing the tamoxifen resistant cell lines to MCF-7 (Figure 3.8 

B). 
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Figure 3.8 Activation of ZIP7- downstream pathways in anti-hormone resistant breast cancer. 
MCF-7 cells and the anti-hormone resistance cell lines were probed for pSer473 AKT and phospho-p42/p44 
MAPK (Figure A-B). The experiment was performed using four different batches of cells and the 
densitometric data were normalised to the total level of AKT and MAPK (Figure A+B). The level of GAPDH 
is also shown (Figure A-B). The bar graph show the mean values of n=4 ± SEM (standard error of mean). 
Statistical analysis was performed  and statistical significance is shown as ** (p<0.01) or * (p<0.05).  
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3.3.4 Developing an immunohistochemistry assay for pZIP7 
 In our Breast Cancer Molecular Pharmacology group we had several resistant cell 

line pellets that could be utilised for an immunohistochemistry investigation. In 

addition, we had the privilege of having samples which belong to a small clinical series 

(Cell Signalling Series) that could be used for further research analysis. The 

immunohistochemical evaluation of pZIP7 was important in order to confirm the 

suitability of pZIP7 as a biomarker of endocrine resistance and to validate what was 

discovered in vitro. Therefore, in order to test our pZIP7 antibody in this clinical series, 

an immunohistochemistry assay had to be developed first. A new protocol for the use 

of pZIP7 antibody for immunohistochemistry was developed by Anna Gobbato, a master 

student working in our group under my supervision. 

 

3.3.4.1 First immunohistochemical evaluation of pZIP7 in breast cancer cell pellets 
 Having established the best immunohistochemical protocol for the pZIP7 

antibody, cell pellets of the different resistant cell lines were analysed as part of Anna 

Gobbato’s Master’s project. Cell pellets of the resistant cell lines were compared to both 

MCF-7 grown in stripped serum and also those grown in full serum. All the previous 

analyses with western blotting and immunofluorescence have been carried out by 

comparing the resistant cell lines to the MCF-7 grown in stripped serum in order to 

compare the same growth conditions in all cell lines. Here, the resistant cell lines were 

compared to both, in order to analyse any change between the two serum conditions. 

 

The assessment of the slides showed that the cells grown in full serum had a very 

weak 1+ signal and looked almost completely negative for pZIP7, whereas the cells 

grown in stripped serum had a much stronger signal, although not as strong as the 

resistant cell lines (Figure 3.9). In fact, it was noticeable that the cell line with the 

strongest DAB signal for pZIP7 was TamR (Figure 3.9), confirming that previously 

discovered with the other techniques (Figure 3.3-B/Figure 3.4). In fact, TamR cells 

showed a strong 3+ DAB signal, with some areas of 1+ or 2+ staining. 

Immunohistochemical analysis revealed that almost 100% of TamR cells were positive 

for pZIP7, highlighting once again how this cell line was characterised by a significant 

ZIP7 activation. The long-term resistance model of TamR (TamRL) showed a slight 

decrease in DAB signal compared to TamR (Figure 3.9), confirming the results gained 
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with western blotting (Figure 3.3-B-C). TamRL cells generally exhibited a 1+ and 2+ 

signals, similar to FasRL (Figure 3.9). Interestingly, the long-term FaslodexÒ-resistant 

model had a stronger DAB signal for pZIP7, agreeing with previous results (Figure 3.3-B-

C/Figure 3.4). In fact, while FasR cells displayed a heterogeneous staining similar to that 

seen for MCF-7 cells in stripped serum, the amount of activated ZIP7 increased in the 

corresponding long-term resistance model (Figure 3.9), suggesting that these cells had 

an increased use of zinc signalling mediated by the activation of ZIP7. 

 

Table 3.1 showed the HScore of the cell pellets, confirming that the highest 

staining was revealed for the TamR cells, in accordance with that discovered with the 

previous biological analyses. While FasR cells showed only a slight increase of pZIP7 in 

comparison to MCF-7 grown in stripped serum, this level increased in the long-term 

resistance counter part of FasR (FasRL) (Table 3.1). 
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Figure 3.9 Immunohistochemistry analysis of pZIP7 in the different resistant cell lines. 
Cell pellets were immunostained for pZIP7 (dilution 1/8000) using DAB (3’-3’-Diaminobenzidine) and 
methyl green for the nuclei. Magnification: 40x. The retrieval condition used for the protocol was pH 8 
EDTA and pressure cooking microwave 950 W for 2 minutes. The resistant cell lines were compared to the 
MCF-7 pellets grown both in stripped and full fat serum. Scale bar: 25 µm. Courtesy of Anna Gobbato. 
 
 

Cell line HScore 

MCF-7 full serum 20 
MCF-7 stripped serum 95 

FasR 115 
FasRL 160 
TamR 220 
TamRL 175 

 
Table 3.1 HScore of cell pellets. 
The table indicated the HScore of the cell pellets of the resistant cell lines in comparison to their parental 
MCF-7 grown in full fat serum or stripped serum. HScore is calculated as described in Chapter 2.4. 
  

MCF-7 full 
serum

MCF-7 stripped 
serum

FasR FasRL

TamRLTamR

25 µm 25 µm

25 µm25 µm

25 µm 25 µm
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3.3.4.2 Analysis of pZIP7 in a small series of clinical samples 
 Following the evaluation of pZIP7 in cell pellets, the investigation analysed pZIP7 

in breast cancer samples belonging to a series of 93 patients called “Cell Signalling 

Series” (NRES active, ethical approval C2020313/Nottingham city hospital). This was 

carried out in order to confirm the suitability of pZIP7 as a novel biomarker of breast 

cancer aggressiveness. After initial optimisation of the immunohistochemical protocol 

in the clinical material, the assay was extended to the full series of 93 patients. This assay 

revealed cytoplasmic staining typical of ZIP7, as consistent with a multi-transmembrane 

domains protein expressed in the endoplasmic reticulum. Overall, with this assay it was 

possible to see a remarkable pZIP7 staining in all the epithelial cells of the cancer tissues, 

as well as pZIP7 positivity across all samples in comparison to the low pZIP7 staining 

found in the tumour associated normal breast tissue (Figure 3.10). Overall the samples 

showed a heterogenous distribution of 1+, 2+ or 3+ DAB staining across the different 

sections (Figure 3.10). The range of HScores was 0-250 and the median HScore for the 

series was 117 (Table 3.2). The HScore of 0 was found in only one patient (Table 3.2), 

hence all but one patient showed evidence of some staining for pZIP7. The median 

HScore found for pZIP7 in this clinical series revealed that most of the samples had 

moderate staining, confirming that pZIP7 is evenly expressed in breast cancer and 

therefore it can be considered as a potential novel biomarker in the detection of breast 

cancer. 

 

The “Cell Signalling Series” had been previously assessed for clinical parameters 

or biomarkers that are relevant to endocrine resistance. Therefore these were tested 

versus the level of pZIP7 (HScore). Comparison of pZIP7 to compiled data of other cancer 

markers revealed a significant direct association of pZIP7 with erbB2 (p=0.028), pMAPK 

(p=0.019), Fos (p=0.007) and CD71 (p=0.015), but weak or non-significant association 

with expression of ZIP7, PI3K or EGFR (Table 3.3). Spearman’s analysis of pZIP7 in 

relation to steroid hormone receptors demonstrated a significant indirect association 

with the progesterone receptor (p=0.036), but non-significant association to the ER 

receptor (Table 3.3). Similar to the latter, proliferation (Ki67), tumour size and age were 

also found to be non-significant (Table 3.3). The only significant clinicopathological 

parameter which was linked to pZIP7 was high tumour grade (p=0.046), whereas there 

was no correlation between pZIP7 and menopausal status or tumour stage (Table 3.4). 
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Figure 3.10 Immunohistochemistry analysis of pZIP7 in a small series of clinical samples. 
Immunostaining of pZIP7 in breast cancer tissue samples from a clinical series (NRES active, ethical 
approval C2020313/Nottingham city hospital) compared to tumour associated normal breast tissue using 
the pZIP7 antibody at 1/800 dilution. pZIP7 was visualised using DAB (3’-3’-Diaminobenzidine) and methyl 
green for the nuclei. Magnification: 40x. Courtesy of Anna Gobbato and Pauline Finley. 
 
 
 

Median HScore pZIP7 117 N=93 

Min 0  
Max 250  

 
Table 3.2 HScore for pZIP7 in clinical breast cancer samples. 
The table indicated the median HScore from the 93 patients samples belonging to the “Cell Signalling 
Series” series (NRES active, ethical approval C2020313/Nottingham city hospital). The table also indicates 
the minimum and maximum score found for the analysis of this series.   

Breast cancer 
high pZIP7

Breast cancer 
moderate pZIP7

Normal breast 
very low ZIP7

(C)

(B)

25 µm25 µm

(A)

25 µm

Breast cancer 
low pZIP7

(D)

25 µm
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Molecule Test Correlation p and R 

values 

Number  Comment 

Steroid hormone 

receptors 

     

ER protein indirect p=0.809 
R=-0.025 

n=92 non-
significant 

PR protein indirect p=0.036 
R=-0.234 

n=81 significant 

Growth factor 

receptors 

     

ErbB2 mRNA direct p=0.028 
R=0.344 

n=41 significant 

EGFR mRNA indirect p=0.488 
R=-0.122 

n=41 non-
significant 

CD71/transferrin 

receptor 

protein direct p=0.015 
R=0.252 

n=93 significant 

Transcription 

factors and other 

intracellular kinases 

     

pMAPK phospho
-protein 

direct p=0.019 
R=0.244 

n=93 significant 

Fos protein direct p=0.007 
R=0.280 

n=92 significant 

PI3K mRNA direct p=0.092 
R=0.103 

n=45 Weak 
association 

Others      
ZIP7 mRNA direct p=0.109 

R=0.199 
n=66 weak 

association 
Age protein  p=0.460 

R=-0.079 
n=89 non-

significant 
Tumour size protein  p=0.139 

R=-0.170 
n=77 non-

significant 
Proliferation (Ki67) protein  p=0.383 

R=-0.093 
n=89 non-

significant 
 
Table 3.3 Spearman’s correlation analysis between pZIP7 and different signalling pathways. 
This analysis was performed using the biomarkers data of the “Cell Signalling series” of breast cancer 
samples available on the SPSS database. 
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Clinicopathological 

parameters 

Test p value Number of 

patients 

Comment 

Menopausal 

status 

protein p=0.522  n=82 non-significant 

Tumour grade (1/2 
low-moderate vs 3 
high grade) 

protein p=0.046 n=91 significant 

Tumour stage 

(Stage 1= lymph node 
negative disease vs 
2/3= lymph node 
positive disease) 

protein p=0.331  n=73 non-significant 

 
Table 3.4 Mann-Whitney tests examining pZIP7 in relation to clinicopathological parameters. 
This analysis was performed using the clinicopathological parameters of the “Cell Signalling series” of 
breast cancer samples available on the SPSS database. 
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3.4 Discussion 
Breast cancer is the most common malignancy among women (Bray et al., 2018), 

and although several therapies are now available to tackle the illness, development of 

resistance is a considerable problem. Unfortunately, the mechanism of resistance is still 

unclear. When women are diagnosed with oestrogen-positive breast cancer, endocrine 

therapy is the mainstay of treatment. Despite the general success of this therapy, a large 

number of patients develop resistance (Dixon, 2014), making the treatment 

management a significant issue. The actual mechanism leading to developing resistance 

has been investigated for years, both in vitro and on clinical material (Clarke, Tyson & 

Dixon, 2015), but still displays several limitations, mainly due to the heterogeneity 

between different individuals and their cancers (Perou et al., 2000). The lack of specific 

biomarkers to identify acquisition of resistance is another of these limitations (Larionov 

& Miller, 2009). 

 

3.4.1 ZIP7 is highly expressed and activated in tamoxifen-resistant breast cancer 
Many studies have linked zinc to breast cancer (Manning et al., 1995; Mcclelland 

et al., 1998; Kagara et al., 2007; Taylor et al., 2008) but in particular, studies on 

tamoxifen-resistant breast cancer cells have revealed a significant role for ZIP7, a 

member of the ZIP family of zinc transporters. Beyond being overexpressed in 

tamoxifen-resistant breast cancer cells (Taylor et al., 2007), manipulation of ZIP7 has 

shown effects on both intracellular zinc content and in the aggressiveness of this 

different phenotype of breast cancer (Taylor et al., 2008). Silencing ZIP7 expression in 

TamR cells by using siRNA reduces the activation of EGFR, Src and IGF-1R, as well as 

reducing cell motility, highlighting the importance of ZIP7 in driving the aggressiveness 

of the TamR breast cancer cell line (Taylor et al., 2008). Moreover, a recent study in our 

group identified activated ZIP7 in driving downstream pathways such as PI3K, MAPK and 

mTOR, which are often hyperactivated in cancer and have implications with cancer 

survival and cell proliferation (Nimmanon et al., 2017). Therefore, this project was 

focused on the study of ZIP7 in anti-hormone resistant breast cancer with the aim of 

addressing a potential role for ZIP7 as a biomarker of endocrine resistance in breast 

cancer. In order to achieve this, some unique models available from the Breast Cancer 

Molecular Pharmacology Group were used. These included tamoxifen and FaslodexÒ-

resistant cells developed from MCF-7 cells and their long-term counter parts. These cell 
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models were tested for ZIP7 activation using our unique pZIP7 antibody (Nimmanon et 

al., 2017). This study revealed that TamR cells had a significantly increased activation of 

ZIP7 (Figure 3.3-B) consistent with previous data of high gene expression of ZIP7 in this 

cell model (Taylor et al., 2007), which was also confirmed by Affymetrix data (Figure 3.2-

B). Increased activation of ZIP7 in conjunction with increased ZIP7 expression suggested 

that these resistant cells relied on ZIP7-mediated zinc signalling for growth. The current 

study also confirmed that TamR cells had increased cytoplasmic zinc in comparison to 

the parental MCF-7 cells (Figure 3.6), confirming that seen in a previous study (Taylor et 

al., 2008). This finding suggested the likelihood of pZIP7 as a good biomarker and 

indicator of acquired resistance to tamoxifen in oestrogen receptor-positive breast 

cancer. Most importantly, immunofluorescence analysis showed that, although the total 

level of ZIP7 activation was decreased slightly in TamRL cells, it was still present in the 

same number of cells as the TamR (Figure 3.4), confirming that its use as a biomarker 

could be extended into prolonged treatment. The overexpression of ZIP7 in endocrine 

resistant breast cancer could be a cause of resistance that, as a consequence, led cells 

to utilise more zinc signalling to drive the activation of different downstream pathways 

associated with worsening of cancer, such as increased activation EGFR, IGR-1 and ERK 

signalling (Knowlden et al., 2003, 2005; Frogne et al., 2009; Nimmanon et al., 2017). 

Therefore, the current study argued that increased activation of ZIP7 was responsible 

for the development of a more aggressive phenotype in the tamoxifen-resistant cell 

model as a consequence of increased use of ZIP7-mediated zinc signalling. The decrease 

of ZIP7 activation in the long-term model of TamR could be explained by the decrease 

of ZIP7 expression between the TamR and TamRL cells, as showed by Affymetrix data 

(Figure 3.2-B) and also by the decrease of total ZIP7 protein level seen with western 

blotting (Figure 3.3-A). Whether decrease of ZIP7 expression in the TamRL was a result 

of a longer exposure to tamoxifen is yet to be understood, but it still emphasised the 

importance of ZIP7 in driving the aggressiveness of this endocrine-resistant model. 

Taken together, this data confirmed the suitability of pZIP7 as a potential biomarker of 

acquired resistance to tamoxifen treatment, irrespective of additional exposure to the 

drug. 
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Moreover, TamR and TamRL had a significant increased activation of AKT when 

compared to MCF-7 (Figure 3.8-A). AKT, also known as protein kinase B, is a 

serine/threonine protein kinase participating in the control of apoptosis, cell growth and 

cell survival (Chang et al., 2003). It is activated through phosphorylation on threonine 

residue 308 and serine 473 following an external stimulus such as growth factors and/or 

insulin (Alessi et al., 1996). Activation of AKT is normally associated with cancer because 

of its involvement in mechanisms such as cell proliferation and cell survival (Chang et 

al., 2003). Since previous studies discovered that activation of AKT was downstream of 

ZIP7 (Taylor et al., 2008; Nimmanon et al., 2017) and to the release of zinc (Taniguchi et 

al., 2013), this evidence suggested that the increased activation of AKT observed in the 

tamoxifen-resistant cell lines could be a result of increased activation of ZIP7 in these 

cells. Interestingly, activation of AKT was higher in the long-term model of TamR (TamRL) 

than TamR cells (Figure 3.8 A), hinting that with additional exposure to tamoxifen, cells 

had increased use of ZIP7-mediated zinc signalling. This data confirmed the link between 

activated ZIP7 in driving activation of the AKT downstream pathway (Nimmanon et al., 

2017). Taken together this data implied that a longer exposure to tamoxifen led cells to 

acquire a more aggressive breast cancer phenotype. 

 

3.4.2 The role of ZIP7 in FaslodexÒ-resistant breast cancer 
No one has examined ZIP7 in FasR cells before, so it was intriguing to discover 

that FasR cells had a higher level of zinc when compared to MCF-7 cells (Figure 3.6). 

Nevertheless, FasR cells did not exhibit the same significant increase of ZIP7 activation 

as seen for TamR cells (Figure 3.3-B). Although ZIP7 phosphorylation increased in the 

long term FasR cells (FasRL) as suggested by immunofluorescence (Figure 3.4), this was 

not increased to the high level seen in the TamR cells. The slight increase of activated 

ZIP7 in FasRL cells could be explained by the fact that this long-term model of FaslodexÒ 

resistance had increased expression and protein level of ZIP7 (Figure 3.2-B/Figure 3.3-

A), suggesting that with additional exposure to the drug the resistant cells utilised more 

ZIP7-mediated zing signalling. Moreover, our model of FaslodexÒ resistance were 

discovered to have two subpopulations of cells: EGFR positive and EGFR negative (Lewis, 

2010), but it was not known whether the long-term model of FasR had a larger 

population of EGFR positive cells compared to the short-term model. However, since it 
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was previously discovered that the CK2-mediated activation of ZIP7 could be 

downstream of EGFR activation (Taylor et al., 2008, 2012; Bafaro et al., 2017), it could 

be that only the EGFR positive subpopulation actively used ZIP7-mediated zinc 

signalling. Furthermore, the discovery that the FaslodexÒ-resistant models did not have 

a significant level of activated ZIP7 in comparison to the tamoxifen-resistant models 

explained why activation of AKT was not significant in the former models, since AKT was 

discovered to be a direct downstream of ZIP7 (Nimmanon et al., 2017). This implied that 

the FaslodexÒ-resistant cells relied on a different mechanism to grow other than ZIP7, 

which is yet to be fully understood. 

 
3.4.2.1 FasR cells have increased expression of the ZnT1 transporter 

Surprisingly, FasR cells were found to have significantly reduced activation of 

MAP kinase in comparison to MCF-7, which was observed also in their corresponding 

long-term cell line (Figure 3.8 B). This result was unexpected since activation of ZIP7 was 

discovered to be upstream of MAPK signalling pathway (Nimmanon et al., 2017), and 

data from immunofluorescence and western blotting revealed that the overall 

activation of ZIP7 was slightly increased in the FasRL model, although not significant. 

However, MAP kinase is known to be associated with the activation of the ERa receptor 

(Kato et al., 1995) and, as stated earlier, the FaslodexÒ-resistant-MCF-7 derived cells 

were discovered to be ER-negative (Nicholson et al., 2005) due to the action of 

FaslodexÒ, an agent that induces the disruption of the oestrogen receptor. The 

correlation of the oestrogen receptor to the MAP kinase pathway could explain why the 

MAP kinase pathway was not activated in the FasR cell models. Additionally, FasR cells 

were shown by Affymetrix data to exhibit a higher expression of ZnT1 transporter 

(Figure 3.5). The zinc transporter ZnT1 is a zinc exporter involved in the transport of zinc 

from the cytoplasm to the extracellular space (Palmiter & Findley, 1995). The higher 

expression of ZnT1 transporter in the FasR cells could play a role in emptying the 

cytoplasm as soon as zinc is released from the endoplasmic reticulum by ZIP7 and could 

explain this reduced activation of MAPK. The overexpression of ZnT1 can also be a 

mechanism that this cell line acquired in order to overcome the highest level of zinc that 

was observed in the FasR cell line (Figure 3.6). The finding that both TamR and FasR cells 

had increased intracellular zinc (Figure 3.6) raised the question of whether other zinc 

transporters may be involved in this. The only zinc transporters that are known to be 
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dysregulated in breast cancer are ZnT2, ZIP6, ZIP7, ZIP9, and ZIP10 (reviewed by Pan et 

al., 2017), but there is no current information about their expression in endocrine 

resistant cells, except for the know role of ZIP7 and the data provided within the current 

project on endocrine resistant breast cancer. In fact, the zinc transporter ZnT2 is known 

to accumulate zinc in the vesicles to prevent zinc toxicity (Lopez, Foolad & Kelleher, 

2011) and it may act in coordination with ZnT1 to counteract the high level of 

intracellular zinc discovered in the FasR cell line (Figure 3.6). Assessment of these others 

zinc transporters in endocrine resistant breast cancer could help us decipher the 

mechanism by which FasR cells develop resistance as this model of resistance did not 

show the same increased activation of ZIP7 as observed in the TamR cells (Figure 3.3). 

 

3.4.3 pZIP7 is evenly distributed in breast cancer clinical samples 
This project was expanded to look at clinical breast cancer material to try to 

confirm these findings. In fact, a higher activation of ZIP7 would be expected to have 

severe consequences on cancer progression, considering the downstream pathways 

induced by zinc, such as inhibition of tyrosine phosphatases (Haase & Maret, 2003), 

activation of AKT and other pathways involved in cell migration (Taylor et al., 2012; 

Nimmanon et al., 2017). Here it was provided the first evidence that pZIP7 could be used 

as a good biomarker of tamoxifen-resistance. In fact, after having developed a pZIP7 

assay for immunohistochemistry, it was possible to confirm that discovered with the 

biological tests. Once again, the tamoxifen-resistant cell pellets were found to have 

increased activation of ZIP7 (Figure 3.9), suggesting the increased use of zinc signalling 

and increased activation of signalling pathways that are downstream to the release of 

zinc in the cytoplasm. Hence, pZIP7 antibody was also tested on a small clinical sample 

series, revealing that pZIP7 was evenly expressed in the breast cancer tissue, in 

comparison to tumour associated normal breast tissue (Figure 3.10). This finding 

confirmed the suitability of pZIP7 as a novel biomarker of breast cancer diagnosis. 

 

3.4.4 Activated ZIP7 is linked to a poor prognosis cohort of breast cancer patients 
Analysis of clinical biomarkers in correlation with pZIP7 revealed the association 

of pZIP7 with activated MAPK (Table 3.3), confirming what was demonstrated in our 

recent paper which linked activation of ZIP7 to the MAPK signalling pathway, a hallmark 

of cancer (Nimmanon et al., 2017). Moreover, the association of pZIP7 with receptor 
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protein tyrosine kinase erbB2 (Table 3.3), a well-known protein involved in endocrine 

resistance (Lupien et al., 2010), reinforces the evidence of pZIP7 enrichment in a poor 

prognosis breast cancer cohort. Surprisingly, pZIP7 was found to be associated with the 

transferrin receptor (CD71) (Table 3.3). The transferrin receptor was initially discovered 

to transport iron, but it was also demonstrated to have a relative affinity to zinc 

(Charlwood, 1979). Considering that cells with increased expression and activation of 

ZIP7 were found to have increased cytoplasmic zinc, it implied that the transferrin 

receptor may cooperate with ZIP7 in transporting zinc in the cytosol and regulating its 

homeostasis. Additionally, Habashy et al discovered that the transferrin receptor was 

associated with cells having a high proliferation rate and it was also related to endocrine 

resistance, in particular to tamoxifen resistance (Habashy et al., 2010). The correlation 

of CD71 to pZIP7 might imply a requirement of zinc in tissues with high cell proliferation 

rate which exhibit a more aggressive phenotype. Furthermore, this association fitted 

with the increased activation of ZIP7 seen in our model of tamoxifen resistance. 

Although Spearman’s analysis between ki67, a marker of cell proliferation (Scholzen & 

Gerdes, 2000), and pZIP7 did not show any significant association (Table 3.3), it may 

indicate that pZIP7 could be involved with invasive, migration capacity more than cell 

proliferation or that pZIP7 could contribute to proliferation once the tumour had 

acquired resistance. Nevertheless, activated ZIP7 was significantly correlated to tumour 

grade (Table 3.4) with higher pZIP7 found in higher grade disease, typical of tumours 

that acquire poor differentiation and more disorganised nuclei. These types of tumours 

are indicator of poor prognosis and endocrine resistance, further suggesting a role for 

ZIP7 in this process. In this respect, it is interesting to notice that Kaplan-Meier plotter 

analysis has revealed that high ZIP7 gene expression is associated with decrease relapse-

free survival (Figure 3.2). This indicates that increased ZIP7 expression and activated 

ZIP7 is not a good parameter to have in relation to endocrine outcome and further 

corroborates the direct association found between pZIP7 and tumour grade (Table 3.4). 

 

Spearman’s analysis also revealed the association of phospho-ZIP7 with the 

proto-oncogene c-Fos. Interestingly, this molecule is known to be associated to zinc 

status (Fanzo et al., 2001) and endocrine resistance (Gee et al., 1999). Fanzo et al have 

found that human epithelial bronchial cells supplemented with zinc had a two-fold 
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increase of c-Fos mRNA in comparison to cells with basal zinc status (Fanzo et al., 2001). 

Therefore, the significant direct correlation of c-Fos to pZIP7 could be explained by the 

increased level of zinc induced by hyperactivation of ZIP7. Additionally, c-Fos was 

discovered to associate with the endoplasmic reticulum in order to activate lipid 

synthesis and it was found that its expression is increased in over 95% of biopsies of 

human ductal breast carcinoma (Motrich, Castro & Caputto, 2013), suggesting a link and 

a potential interaction between the two molecules in the development of aggressive 

breast cancer. All these findings contributed to strengthen the evidence that activation 

of ZIP7 was associated with the development of a more aggressive cancer phenotype 

and that pZIP7 may be an indicator of an endocrine resistance cohort. Moreover, the 

indirect association found between pZIP7 and the progesterone receptor (PR), an 

indicator of hormone responsiveness (Bartlett et al., 2011) (Table 3.3), suggested that 

pZIP7 could be slightly enriched in tumours that are less likely to be hormone responsive 

and do acquire resistance. Since pZIP7 was also found to be directly associated with the 

ErbB2 receptor (Table 3.3), it implied that activation of ZIP7 could be higher in tumours 

that are HER2+ and PR-, both protein associated with increased endocrine resistance 

(Dunnwald, Rossing & Li, 2007; Lupien et al., 2010). All this data was found on patients 

at diagnosis, therefore, now that this immunohistochemistry assay is available, this data 

needs to be followed-up with further analyses on different clinical series of breast 

cancer, which include samples of relapsed patients. 

 

Taken together this data highlighted the involvement of zinc signalling in driving 

aggressiveness in breast cancer and added more information regarding the 

development of endocrine resistance, a clinical issue in breast cancer therapy that still 

needs to be fully understood. Activated ZIP7 could be used as a prognostic biomarker of 

acquired endocrine resistance that could have many therapeutic benefits. In fact, 

knowing that pZIP7 have been associated with downstream pathways such as MAPK and 

AKT, it suggests the possibility of using a combined targeted therapy to reduce the 

activation of pathways which are downstream of pZIP7 (Nimmanon et al., 2017) by using 

MAPK, mTOR or AKT inhibitors in association with endocrine therapy. This strategy could 

provide a significant improvement to the outcome of the therapy. In fact, there is 

evidence of the use of an AKT inhibitor (AZD5363) on TamR cells which was shown to be 
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effective at resensitising cells to the antiproliferative effect of tamoxifen (Ribas et al., 

2015). These findings paved the way for further studies. In fact, as ZIP7 was 

demonstrated to require CK2 phosphorylation in order to be activated, tackling its 

activation could be a mechanism to prevent the downstream pathways responsible for 

the development of aggressive cancer. A CK2-inhibitor called CX-4945 is currently in 

clinical trials in combination with other chemotherapy drugs for its use in cancer 

treatment (ClinicalTrials.Gov Identifier: NCT02128282). Moreover, this drug was seen to 

enhance the antitumor effect of conventional chemotherapy drugs in different resistant 

cell lines (Zanin et al., 2012). Since ZIP7 was discovered to be over-activated in our 

tamoxifen-resistant breast cancer model, this drug could be tested in these cells in order 

to assess any ability to reduce the activation of pathways that are downstream of ZIP7-

mediated zinc signalling (Nimmanon et al., 2017). 

 

3.5 Chapter summary 
This chapter has demonstrated that activation of ZIP7 can lead to the 

development of aggressive breast cancer. Using different biological techniques, it was 

possible to show that activation of ZIP7 was significantly increased in the tamoxifen-

resistant cell lines, followed by increased activation of the protein kinase AKT. This 

investigation also showed that, despite a slight increase of pZIP7 in the FaslodexÒ-long 

term resistant model, this was not as significant as that observed in the tamoxifen-

resistant cell lines. The distinct phenotype of the two different resistant models could 

be the reason beyond the outcome observed regarding the use of ZIP7 in these cell 

models. 

 

Analysis of activated ZIP7 with different clinicopathological parameters and 

biomarkers also confirmed the association of pZIP7 with different molecular signalling 

pathways which play a pivotal role in driving cancer aggressiveness and are indicators of 

endocrine resistance. Now that an immunohistochemical assay for pZIP7 has been 

developed, this can be used in order to confirm its use as a novel biomarker of tamoxifen 

resistance in breast cancer, which is a current unmet need in therapy. In light of this, a 

new different approach to tackle the development of resistance can be investigated 

further by targeting the activation of ZIP7 with the use of CK2 inhibitors.
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4 ZIP6 OR ZIP10 ANTIBODY TREATMENT INHIBITS CELL DIVISION 
IN MULTIPLE CANCERS  
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4.1 Introduction 
It has been known since the 19th century that zinc is an essential requirement for 

cell growth (Raulin, 1869). Zinc was discovered to be necessary for DNA synthesis, 

required as a cofactor for DNA synthesis enzymes (Prasad & Oberleas, 1974; Chesters, 

Petrie & Vint, 1989; Chesters, Petrie & Travis, 1990), and also for the synthesis of new 

proteins which occurred during the cell cycle (Prasad, 1998). Most importantly, it was 

discovered that when cells were treated with metal chelating agents, cell growth was 

arrested and only reversed when zinc was supplied (Fujioka & Lieberman, 1964). 

 

During the cell cycle two peaks of zinc concentration were reported: during the 

early G1 phase and at the G1/S transition (Li & Maret, 2009). However, another study 

revealed that zinc was also essential at the G2/M transition (Chesters & Petrie, 1999). 

More recently, it was also demonstrated that zinc is essential for meiotic maturation of 

oocyte (Bernhardt et al., 2011, 2012), a type of cell division which occurs in gametes. 

However, the actual mechanism by which zinc regulates mitosis is yet to be fully 

discovered. Our group have discovered that two zinc transporters of the LIV-1 subfamily, 

called ZIP6 and ZIP10, form a heteromer on the plasma membrane (Taylor et al., 2016) 

and that this heteromer provides the zinc necessary to trigger mitosis (Taylor et al., 

unpublished). Even though a crystal structure of these two zinc transporters is not yet 

available, a recent paper has predicted the crystal structure of the N-terminal domain 

of ZIP4, another ZIP transporter of the LIV-1 subfamily (Zhang, Sui & Hu, 2016). The N-

terminal domain of ZIP4 was confirmed to be a dimer which is consistent with previous 

findings demonstrating that this feature is shared between ZIP transporters and 

necessary for zinc transport (reviewed by Kambe et al. 2015). The discovery of the first 

crystal structure of the extracellular domain of ZIP4 was extremely important as it 

provided the first predicted secondary structure of the ZIP6-ZIP10 heteromer (Zhang, 

Sui & Hu, 2016). This prediction led to the formulation of the hypothesis that by using 

specific ZIP6 and ZIP10 antibodies directed towards the extracellular domain of these 

zinc transporters it would be possible to block this heteromer and consequently to stop 

the zinc necessary to trigger mitosis. The current chapter provides insight into this 

matter.  
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4.1.1 Aims and objectives 
 The aim of this chapter was to confirm whether by treating different cancer cell 

lines with specific ZIP6 or ZIP10 antibodies it was possible to stop cell division. 

Consequently, the objectives of this chapter were: 

1. To synchronise cells in mitosis and to treat cells with specific ZIP6 or ZIP10-

directed antibodies; 

2. To investigate the effect of ZIP6 and ZIP10 antibodies on cancer cell growth; 

3. To investigate the fate of cancer cells when treated with these antibodies. 

 

4.2 Methods 
In order to investigate the potential of blocking mitosis by using specific 

customised antibodies directed against the N-terminal domain of both ZIP6 or ZIP10, 

cells were synchronised into mitosis by using different protocols. These consisted of 

nocodazole treatment, a double thymidine block and the use of a CDK1 inhibitor, called 

RO-3306. These methods will be explained in more detail in the next sections (Figure 

4.1-3). After having established the protocol which gave the highest number of cells 

synchronised in mitosis, cells were treated with specific ZIP6 and ZIP10 antibodies 

(Figure 4.4) and tested for mitosis by probing cells for pS10Histone H3, a marker of 

mitosis. The ability of these antibodies to stop mitosis was also investigated by 

measuring the rate of cell growth following a 4-day antibody cell treatment. Cells 

treated with these antibodies were assessed for cell viability by MTT assay. Moreover, 

the fate of the treated cells was analysed by measuring for apoptosis, cyclin levels and 

quiescence with western blot and immunofluorescence. For more details about the 

methods, refer to Chapter 2. 

 

4.2.1 Cell synchronisation in mitosis 

4.2.1.1 Nocodazole treatment 
Cells were first treated with nocodazole for 20 hours. Nocodazole is an anti-

neoplastic agent which interferes with the polymerisation of microtubules. Cells were 

treated for 20 hours with this agent which stopped cells in prometaphase as the 

microtubules could not polymerase (Blajeski et al., 2002). After cells were fixed, cells 

were probed for pS10Histone H3, a marker of mitosis and stained with DAPI, a marker of 

the nuclei. The slides were visualised under a microscope and assessed for the 
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percentage of cells in mitosis by comparing this result to the control (non-treated cells). 

Mitotic cells were counted by measuring the ratio between the cells positive for 

pS10Histone H3 to the total number of cells per each field of view. Evaluation of MCF-7 

cells treated with nocodazole revealed that an average of 34% of cells were mitotic 

when treated with this agent (Figure 4.1). In contrast, non-treated cells showed only 4% 

of mitotic cells (Figure 4.1). 

 
4.2.1.2 Double thymidine block 

The second method used to synchronise cells was a double thymidine block (2 

mM) on MCF-7 cells (see section 2.2). The double thymidine block has been widely 

recognised to synchronise cells as thymidine blocks DNA synthesis. Cells were treated 

with this agent initially for 18 hours followed by a second treatment of 17 hours after 9 

hours of release from the first thymidine block. This treatment blocked cells at the S 

phase of the cell cycle. After release from the second thymidine block, cells were left to 

proceed through the cell cycle without any further treatment (Whitfield et al., 2002). 

Cells were monitored under the microscope until they rounded up, which is a 

characteristic typical of mitotic cells. Cells were harvested 5 hours after the removal 

from the second thymidine block and at different intervals, then imaged and probed for 

pS10Histone H3. Nuclei were counterstained with DAPI. The highest number of mitotic 

cells was seen between 8.75 and 9 hours from release from the second thymidine block, 

showing an average of 15% of mitotic cells overall (Figure 4.2). 
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Figure 4.1 MCF-7 cells synchronisation in mitosis by nocodazole treatment. 
Cells at 70-80% confluence were treated with 150 nM nocodazole (NOC) for 20 hours prior to harvesting. 
A. Cell were fixed with 3.7% formaldehyde and probed for pS10Histone H3 (red) and the nuclei 
counterstained with DAPI (blue). Cells were visualised under a 63x oil Leica DMIRE2 microscope and 
pictures are representative of each treatment (n=3). 
B. Counting of the cells positive for mitosis per each field of view was performed by using ImageJ for Mac 
OS and at least 6 pictures were taken per each treatment. Statistical analysis is shown as n=3 + SEM 
(standard error of the mean) with **(p<0.01). Scale bar: 10 µm.  

0

10

20

30

40

MCF-7 Treatment

M
ito

si
s 

(%
)

Nocodazole treatment

Nocodazole

**

- +

A.

B.

NOC

CON

DAPI pS10Histone5H3 Merge



 104 

 

Figure 4.2 Percentage of mitotic cells following cell synchronisation with double thymidine block. 
MCF-7 cells at 30% confluence were treated with 2 mM thymidine for 18 hours. After this time cells were 
released from the treatment for 9 hours, followed by a second treatment with 2 mM thymidine for 17 
hours. After this cells were left to proceed through the cell cycle before harvesting. 
A. Cells were harvested at different times and fixed with 3.7% formaldehyde. Samples were probed for 
pS10Histone H3 (red) and nuclei counterstained with DAPI (blue). Slides were visualised under a 63x oil 
Leica DMIRE2 microscope and counted for the number of mitotic cells per each field of view. Pictures are 
representative of at least 6 different fields of view per each different harvest time. 
B. Statistical analysis is shown as n=3 + SEM (standard error of the mean) with *(p<0.05). Scale bar: 10 
µm. 
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4.2.1.3 Use of RO-3306, a CDK1 inhibitor 
CDK1 (also known as cdc-2) is a molecule which regulates the progression of cells 

from the G2 phase to mitosis, as it forms a complex with cyclin B1 which is essential at 

the onset of mitosis (Gavet & Pines, 2010a, 2010b). For this reason, the third and last 

method used to investigate synchronisation of cells into mitosis was carried out by using 

a CDK1 inhibitor (RO-3306) to synchronise cells in G2 (Vassilev, 2006). MCF-7 cells were 

treated with 9 µM RO-3306 for 18 hours, in order to block cells at the G2 phase of the 

cell cycle. Following this, cells were either left to progress through the cell cycle or 150 

nM nocodazole was added for 2 hours. Cells that were released from the RO-3306 

treatment for 2 hours showed an average of 13% of mitotic cells (Figure 4.3) in 

comparison to the non-treated cells which displayed 4% of mitotic cells. On the contrary, 

cells that were treated with nocodazole for 2 hours after the release from the CDK1 

inhibitor showed an average of 17% of mitotic cells (Figure 4.3). In order to test the 

efficacy of this treatment in comparison to other protocols, this experiment was 

performed comparing the use of the CDK1 inhibitor to nocodazole-only treated cells. In 

fact, when comparing the results obtained with the RO-3306 agent, it was noticeable 

that the highest percentage of mitotic cells was obtained with the 20 hours nocodazole-

only treatment, which revealed that over 30% of cells were mitotic (Figure 4.3). 

 

Pooling all this data together, treatment of cells with 150 nM nocodazole was 

determined to be the most effective method to generate sufficient cells in mitosis to 

enable a useful experiment. This method was used throughout the rest of this project in 

order to synchronise cells in mitosis. 
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Figure 4.3 MCF-7 synchronised in mitosis by using a CDK1 inhibitor (RO-3306). 
MCF-7 cells at 70% confluence were treated with 150 nM nocodazole for 20 hours, or 9 µM RO-3306 for 
18 hours followed either by 2 hours nocodazole or by medium replacement only. 
A. Cells were harvested and fixed with 3.7% formaldehyde and probed for pS10Histone H3 (red) along with 
DAPI (blue). Cells were visualised under a 63x oil Leica DMIRE2 microscope and mitotic cells counted using 
ImageJ for Mac OS. Each picture is representative of at least 6 pictures per each treatment. 
B. Statistical analysis is shown as n=3 + SEM with ** (p<0.01) or * (p<0.5). Scale bar: 10 µm.  
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4.2.2 Antibodies used for the mitosis inhibition experiment 
Our group have unique ZIP6 and ZIP10 customised antibodies whose epitopes 

reside in their N-terminal domain. The N-terminal domain of ZIP6 and ZIP10 is located 

outside the cell when these are positioned on the plasma membrane. In particular, our 

customised ZIP6 Y antibody binds an epitope between residues 238-254 of the long N-

terminal domain of ZIP6 (see Figure 4.4-A). This corresponds to an epitope after the 

potential PEST cleavage site, a post-translational modification that was confirmed for 

ZIP6 before its relocation to the plasma membrane (Hogstrand et al., 2013). This 

cleavage has not yet been confirmed for ZIP10. However, ZIP6 and ZIP10 are the only 

two members of the LIV-1 subfamily to have potential PEST cleavage sites on their N-

terminal domain (Taylor et al., 2016) and therefore, it was believed that ZIP10 could also 

undergo a similar proteolytic cleavage. Nevertheless, the ZIP10 R antibody that was used 

for this project binds an epitope of ZIP10 in the early sequence of its N-terminal domain 

(residues 46-59) (see Figure 4.4-A). As soon as this PEST cleavage site is confirmed we 

will be able to generate a similar antibody for ZIP10 which could be used to assess 

whether ZIP10 is cleaved during mitosis. 

 

Our group have recently discovered that the epitope recognised by the ZIP6 Y 

antibody is cleaved off during early mitosis and therefore this epitope is present on the 

plasma membrane only at the beginning of mitosis (Nimmanon, 2016). Whether this 

cleavage is used as a “switch-off” mechanism after mitosis starts is yet to be understood. 

Furthermore, our group have previously had another ZIP6 customised antibody made, 

called ZIP6 M, whose epitope resides at the beginning of the ZIP6 N-terminal domain 

(residues 93-107) (see Figure 2.2). The epitope of this antibody is prior to the PEST 

cleavage site which is cleaved off before ZIP6 relocates to the plasma membrane 

(Hogstrand et al., 2013), thus prior to mitosis. This was further confirmed by the 

evidence that treatment of cells synchronised in mitosis by nocodazole and treated with 

the ZIP6 M antibody was not effective in stopping nocodazole-induced mitosis 

(Nimmanon, 2016). For this reason, for the mitosis inhibition experiments carried out in 

this study, the ZIP6 Y antibody was used. In order to test the hypothesis of the 

involvement of this heteromer in mitosis initiation, mitotic cells were incubated with the 

ZIP6 Y or ZIP10 R antibodies in an effort to block the required zinc influx (Figure 4.4-B). 
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Figure 4.4 Inhibition of the ZIP6/ZIP10 heteromer. 
A. Schematic showing the epitope of the ZIP6 Y and ZIP10 R antibodies used for the mitosis inhibition 
experiment. 
B. Predicted crystal structure of the N-terminal domain of ZIP6 and ZIP10. These two zinc transporters form 
a heteromer (Taylor et al., 2016) and their N-terminal domain is intertwined with each other. This Figure 
suggests that either a ZIP6 or ZIP10-directed antibody to the extracellular region may be able to block this 
heteromer and the zinc influx to trigger mitosis. The picture was adapted from Zhang et al, 2016.  
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4.2.2.1 Concentration of the ZIP6 and ZIP10 customised antibodies 
Before starting any mitosis inhibition assessment, the concentration of the 

customised ZIP6 and ZIP10 antibodies was measured. This was achieved by ELISA for the 

ZIP6 Y antibody (mouse monoclonal) and using an easy-titer IgG assay for the ZIP10 R 

antibody (rabbit polyclonal). The method and protocol used for these assays can be 

found in Chapter 2. The concentration of the ZIP6 Y antibody is 40 µg/ml, whereas the 

concentration of the ZIP10 R antibody is 105 µg/ml (Table 4.1). 

 

Antibody Species Epitope Concentration 

ZIP6 Y Mouse N-terminus  

Residue 238-254 

VSEPRKGFMYSRNTNEN 

40 µg/ml 

ZIP10 R Rabbit N-terminus 

Residue 46-59 

LEPSKFSKQAAENE 

105 µg/ml 

 

Table 4.1 Details of the antibodies used for the mitosis inhibition experiment. 
The table summarises the species, the epitope and the concentration of the antibodies used for the mitosis 
inhibition experiment within this current project.  
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4.3 Results  

4.3.1 ZIP6 and ZIP10 antibody treatment to prevent cell division 

4.3.1.1 ZIP6 and ZIP10 are overexpressed in mitosis 
Our group have recently discovered that zinc transporters ZIP6 and ZIP10 form a 

heteromer on the plasma membrane (Taylor et al., 2016) which influxes zinc into cells 

to trigger mitosis (Taylor et al., unpublished). Considering this recent discovery of a 

mechanism requiring zinc for the initiation of mitosis, the aim of this part of the project 

was to assess whether by treating cancer cell lines with antibodies targeting the 

extracellular N-terminal domain of ZIP6 or ZIP10, it was possible to prevent cell division.  

It was important to first show that ZIP6 and ZIP10 were increased in mitosis. In fact, a 

recent investigation in our group has already demonstrated that when MCF-7 cells were 

transfected with recombinant ZIP6 or ZIP10, FACS cell cycle analysis revealed a dramatic 

increase of the population of cells in the G2/M phase from 14 to 40%, in comparison to 

the control untransfected cells (Taylor et al., 2016). 

 

Here, MCF-7 cells were synchronised in mitosis with nocodazole and probed for 

ZIP6 or ZIP10. Cells were also probed for ZIP4, as a negative control. Results showed that 

while ZIP4 was evenly expressed on the plasma membrane of all the cells, ZIP6 and ZIP10 

were only present on mitotic cells (Figure 4.5). Pictures in Figure 4.5 were taken on a 

confocal microscope. Therefore, it was interesting to notice that while staining for ZIP6 

and ZIP10 showed a clear area on the plasma membrane only in mitotic cells which 

extended beyond the plasma membrane, ZIP4 staining showed a thin line on the plasma 

membrane of all cells whether mitotic or non-mitotic. The staining of ZIP6 and ZIP10 was 

indicative of a complex which corroborated the evidence that ZIP6 and ZIP10 was 

discovered to form a heteromer on the plasma membrane (Taylor et al., 2016). 
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Figure 4.5 ZIP6 and ZIP10 are overexpressed in mitotic cells. 
MCF-7 cells at 70% confluence were treated with 150 nM nocodazole for 20 hours before harvesting. Cell 
were fixed with 3.7% formaldehyde and probed for ZIP6 (sc-84875)), ZIP10 (Biogenes, in house) or ZIP4 
(20625-1-AP) (green fluorescence) and nuclei counterstained with DAPI (blue). Cells were visualised under 
a high resolution microscope Zeiss LSM 880 using a 63x oil immersion lens. Scale bar: 20 µM.  
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4.3.1.2 Using ZIP6 or ZIP10-directed antibodies to prevent cell division 
Mitosis inhibition was assessed with immunofluorescence, probing cells for 

pS10Histone H3 and nuclei counterstained with DAPI, both markers of mitosis (Figure 

4.6-8). Cells treated with either the ZIP6 or ZIP10 antibody were compared to the non-

treated cells (CON), to the cells treated only with nocodazole (NOC) and to the negative 

control which was normal mouse IgG for the ZIP6 antibody and normal rabbit IgG for 

the ZIP10 antibody. The experiment was performed first on MCF-7 cells. Counting of the 

untreated cells revealed 4% of the cells per field were mitotic judged by staining with 

both pS10Histone H3 and DAPI, whereas nocodazole treatment increased this 

percentage to 30-40% (Figure 4.6-4.7). The inclusion of the ZIP6 antibody with 

nocodazole (Figure 4.6) was able to inhibit mitosis in an antibody concentration-

dependent manner (Figure 4.6-B). In particular, treatment of MCF-7 cells with 

nocodazole and the ZIP6 antibody at 4 µg/ml reduced the percentage of mitotic cells to 

a percentage similar to control levels (Figure 4.6-B). This concentration was determined 

as the most effective at significantly preventing cell division. Therefore, a normal mouse 

IgG at the concentration of 4 µg/ml was used in comparison to our ZIP6 antibody at the 

same concentration. Since there is evidence that human IgG could bind zinc (Yamanaka 

et al., 2016), a negative control was used in order to confirm that the ability to prevent 

cell division relied only on the binding of our antibody to ZIP6. The experiment 

confirmed that when cells were treated with nocodazole and the normal mouse IgG, the 

percentage of mitotic cells was around 30%, whereas when cells were treated with 

nocodazole and our ZIP6 antibody at the same concentration this percentage was down 

to 4-5% (Figure 4.6). This data confirmed the capability of the ZIP6 antibody to prevent 

cell division by stopping the zinc influx necessary to trigger mitosis. 

 

The same experiment was performed with the ZIP10 R antibody, which binds an 

epitope at the beginning of the N-terminal domain of ZIP10. For this investigation a 

different concentration of the ZIP10 R antibody was used (10.5 µg/ml, 5.25, µg/ml, 2,1 

µg/ml or 1.05 µg/ml), as preliminary results in our group have shown that this was 

required in order to have the same effect observed with the ZIP6 Y antibody. Whether 

this difference in concentration was due to the different nature of the antibody has not 

been confirmed yet. In fact, while the ZIP6 Y is a mouse monoclonal antibody, the ZIP10 

R is a rabbit polyclonal, which may influence the effective concentration of the two 
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antibodies. Therefore, the concentration used for the IgG rabbit negative control was 

10.5 µg/ml to fit with the amount of antibody used. The results obtained by using this 

antibody at preventing mitosis showed the same effect observed with the ZIP6 Y3 

antibody. In fact, while untreated cells showed only 4% of mitotic cells in comparison to 

the 30% of nocodazole-treated cells (Figure 4.7), the inclusion of the ZIP10 R antibody 

decreased the percentage of mitosis in a concentration dependant manner, irrespective 

of the nocodazole synchronisation in mitosis (Figure 4.7). In particular, at the 

concentration of 10.5 µg/ml the percentage of mitotic cells was significantly decreased 

to 4%, similar to the control level (Figure 4.7). This experiment was previously performed 

with a commercial antibody in our group, showing that the most effective concentration 

at preventing cell division was 50 µg/ml (Nimmanon, 2016). However, the antibody used 

for that experiment was a commercial ZIP10 antibody (SAB 2102209) directed against a 

different epitope to the one recognised by the customised ZIP10 R. The commercial SAB 

2102209 antibody binds ZIP10 on the N-terminal domain, but not on the same epitope 

as the ZIP10 R antibody. Different subfamilies of polyclonal antibody isotopes present 

different heavy chains and they differ in the capacity to activate the host immune system 

and complement or trigger antibody-dependant cell-mediated cytotoxicity (Vidarsson, 

Dekkers & Rispens, 2014). Moreover, as ZIP6 and ZIP10 forms a heteromer, it may be 

that the epitope recognised by the commercial antibody is masked by the intertwined 

N-terminal domains and not available for antibody binding, explaining the requirement 

for a different concentration of the antibodies in order to be effective at preventing 

mitosis. This could also explain why the concentration used for the ZIP6 antibody was 

lower than the one used for the ZIP10 antibody. Deciphering the nature of the ZIP6-

ZIP10 heteromer would give us important information in this matter. 
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Figure 4.6 ZIP6 antibody treatment can prevent mitosis. 
MCF-7 cells were treated at 70% confluence with 150 nM nocodazole (NOC) with or without ZIP6 Y3 
antibody at different concentrations. In addition, a normal mouse IgG at 4 µg/ml was used as a negative 
control. 
A. After 20 hours treatment, cells were fixed and probed for pS10Histone H3 antibody (red) and nuclei 
counterstained with DAPI (blue). Each picture is representative of at least 6 pictures per each treatment 
(n=3). 
B. Total number of cells and mitotic cells were counted using ImageJ and the percentage of mitotic cells 
was plotted on a graph. The graph shows the mean of n=3 ±  SEM (standard error of the mean). Statistical 
significance is indicated by *** (p<0.001),** (p<0.01) and * (p<0.05). Scale bar: 10 µm. 
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Figure 4.7 ZIP10 antibody treatment can prevent mitosis. 
MCF-7 cells were treated at 70% confluence with 150 nM nocodazole (NOC) with or without ZIP10 R 
antibody at different concentrations. In addition, a normal rabbit IgG at 10.5 µg/ml was used as a negative 
control. 
A. After 20 hours treatment, cells were fixed and probed for pS10Histone H3 antibody (red) and nuclei 
counterstained with DAPI (blue). Each picture is representative of at least 6 pictures per each treatment 
(n=3). 
B. Total number of cells and mitotic cells were counted using ImageJ and the percentage of mitotic cells 
was plotted on a graph. The graph shows the mean of n=3 ±  SEM (standard error of the mean). Statistical 
significance is shown as * (p<0.05), ** (p<0.01) and *** (p<0.001). Scale bar:10 µm. 
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4.3.2 ZIP6 and ZIP10 antibodies treatment in a colorectal cancer cell line 
Having demonstrated the efficacy of ZIP6 and ZIP10 antibody at preventing 

mitosis in MCF-7 cells, the same experiment was carried out in a different cancer cell 

line in order to demonstrate whether this ability was only restricted to breast cancer. In 

fact, when the SLC39A6 gene was first discovered, it was known as an oestrogen related 

gene (Mcclelland et al., 1998) and both ZIP6 and ZIP10 have been associated with breast 

cancer for decades (Manning et al., 1995; Kagara et al., 2007). Therefore, the 

experiment was performed also on a cell line of colorectal cancer, called CaCO-2, as this 

ZIP6-ZIP10 heteromer mechanism could be a mechanism governing mitosis in all cells, 

regardless of their tissue origin. 

 

The experiment was performed using the same condition previously used for 

MCF-7 cells by treating cells with 150 nM nocodazole for 20 hours in order to 

synchronise the cells in mitosis. Cells were also treated with the ZIP6 or ZIP10 antibody 

at the concentration of 4 µg/ml and 10.5 µg/ml, respectively. Only one concentration 

for both ZIP6 and ZIP10 was used this time and for the further experiments as these had 

been confirmed with the previous experiments to be the most effective concentration 

to inhibit mitosis. CaCO-2 cells treated with nocodazole showed a significant increase of 

mitotic cells up to 50-60% when compared to the control sample (p<0.001) (Figure 4.8). 

However, when cells were treated with nocodazole and either the ZIP6 or ZIP10 

antibody at the concentration of 4 µg/ml and 10.5 µg/ml, respectively, the percentage 

of mitotic cells was significantly reduced to 4-5% when compared to the nocodazole-

only treated cells (p<0.001) (Figure 4.8). The percentage of mitotic cells in the cells 

treated with either ZIP6 or ZIP10 antibody was similar to the control sample, even 

though these cells had been treated with nocodazole. These results confirmed the ability 

of ZIP6 or ZIP10-directed antibody to inhibit mitosis not only in breast cancer cells but 

also in colorectal cancer cells. 
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Figure 4.8 ZIP6 and ZIP10 antibody treatment prevents cell division of colorectal cancer cells. 
CaCO-2 cells were treated with nocodazole (NOC) (150 nM) at 70% confluence with or without ZIP6 or 
ZIP10 antibody at 4 µg/ml and 10.5 µg/ml, respectively. 
A. After 20 hours treatment, cells were fixed and probed for pS10Histone H3 antibody (red) and nuclei 
counterstained with DAPI (blue). Each picture is representative of at least 6 pictures per each treatment 
(n=3). 
B. Total number of cells and mitotic cells were counted using ImageJ and plotted on a graph. The graph 
shows the mean of n=3 ±  SEM (standard error of the mean). Statistical significance is shown as *** 
(p<0.001). Scale bar: 10 µm. 
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4.3.3 Effect of ZIP6 antibody treatment on cancer cell growth 
Having demonstrated that ZIP6-antibody treatment along with nocodazole was 

effective in preventing cell division in two different cancer cell lines, the antibody 

treatment investigation was extended from 20 hours to 4 days to investigate the ability 

of ZIP6 Y3 antibody to inhibit cell growth, this time in the absence of nocodazole. The 

same experiment could not be carried out with the ZIP10 antibody due to the lack of 

ZIP10 R stock, since this experiment required a considerable amount of antibody. A new 

stock of the ZIP10 R antibody was ordered from BioGenes GmbH (Germany), however it 

was not available until the end of this project. 

 

MCF-7 cells were treated with ZIP6 Y3 antibody at 4 µg/ml and counted every 24 

hours for 4 days after the treatment (Figure 4.9). A cell growth curve was constructed 

to compare the growth rate of treated cells with the control. Cells treated with the ZIP6 

Y3 antibody showed significantly reduced cell growth rate compared to control 

untreated cells (Figure 4.9). Furthermore, cells treated with the ZIP6 Y3 antibody did not 

grow as much as the control. In particular, a significant decrease of cell growth was seen 

after 3 days (p<0.01) (Figure 4.9). This implied that the ZIP6 antibody treatment inhibited 

cell growth. However, it was interesting to notice that the cell growth was not 

completely arrested at the beginning with no significant difference detected until 2 days. 

Differently from the previous experiment these cells were not synchronised in mitosis 

by nocodazole treatment. This cell population would therefore comprise cells at 

different stages of the cell cycle, including those already moving into mitosis. The 

hypothesis of the current project would predict that cells that had already entered 

mitosis would not be inhibited by the antibody treatment. The evidence that the ZIP6 

antibody treatment was effective at reducing cell growth even in the absence of 

nocodazole also ruled out the possibility that the previous results gained in this chapter 

were due to any potential interaction between nocodazole and the antibodies. 
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Figure 4.9 ZIP6 antibody treatment reduces cell growth of MCF-7 cells. 
MCF-7 cells were seeded in a 24 well plate and treated at 24 hours (day 0) with ZIP6 Y3 antibody (4 µg/ml). 
A. Cells were counted every 24 hours for 4 days. 
B. The total number of cells were plotted in a line graph. The graph shows the mean of n=3 ±  SEM 
(standard error of the mean) and the statistical significance of ZIP6-treated cells compared to non-treated 
(CON) is shown by ** (p<0.01).  
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4.3.3.1 Use of a different ZIP6 Y antibody clone 
Due to the reduction of our ZIP6 Y3 antibody stock, for the rest of the following 

investigation a different clone of ZIP6 Y antibody was used, called ZIP6 Y1. This clone 

binds the same peptide of the ZIP6 Y3, but it is a different IgG isoform. While the ZIP6 

Y3 is an IgG2b, the ZIP6 Y1 is an IgG1. The main difference between the two IgG isoforms 

stems from the structure of the heavy chain and in the extent to which they are able to 

activate the host immune system. IgG2 has four interchange-disulphide bonds in the 

hinge region, whereas the IgG1 has only two (Vidarsson, Dekkers & Rispens, 2014). For 

this reason, the MCF-7 cell growth experiment with ZIP6 antibody treatment was 

repeated in order to check whether the different clone and isoform of ZIP6 antibody 

was as effective as the previous one. Results showed the same effect as seen for the 

ZIP6 Y3 with a significant decrease of the cell growth at day 3 and 4 (p<0.01) (Figure 

4.10-A), confirming that the treatment with the ZIP6 Y antibody was effective at 

preventing cell division irrespective of the different isoforms of the antibody. 

 

Next, this was expanded to test the effect of ZIP6 antibody treatment on MDA-

468 cells, a cell line representative of triple negative breast cancer. The aim of this 

experiment was to confirm whether this treatment was able to stop cell division even in 

this different type of breast cancer. MDA-468 breast cancer cells represent a more 

aggressive phenotype of breast cancer. Triple negative breast cancer lacks the 

expression of all the common biomarkers of breast cancer which are normally used as a 

target for therapy. As a consequence of that, triple negative breast cancer is more 

difficult to tackle and treat. However, treatment with ZIP6 Y1 antibody at 4 µg/ml for 4 

days was able to reduce the cell growth of the MDA-468 cells and their cell growth was 

significantly decreased at day 3 and 4 in comparison to non-treated cells (p<0.01) (Figure 

4.10-B) similar to that seen with MCF-7 cells. 

 

To summarise, this investigation confirmed the ability of ZIP6-directed 

antibodies to prevent cell division by blocking the zinc influx necessary to trigger mitosis 

(Taylor et al, unpublished). 
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Figure 4.10 Effect of ZIP6 antibody treatment on cell growth of breast cancer cells. 
Cells of MCF-7 (A), and MDA-468 (B) were seeded in a 24 wells plate and treated at 24 hours (day 0) with 
our ZIP6 Y1 antibody at 4 µg/ml. Cells were counted every 24 hours for 4 days. The number of cells counted 
for each day were platted in a line graph. The experiment was performed on three biological replicates 
(n=3 +SEM) and the statistical significance of treated cells compared to the non-treated ones (control) is 
shown by ** (p<0.01).  

Control

ZIP6 Y1 Ab 
treatment 
(4 µg/ml)

A.

B.

Control

ZIP6 Y1 Ab 
treatment 
(4 µg/ml)



 122 

4.3.4 Investigation of the fate of ZIP6/ZIP10 antibody inhibited cells 
A cytotoxicity assay was carried out in order to assess whether the antibody 

treatment was cytotoxic. This was achieved by performing an MTT assay. The assay 

compared the control to cells treated with nocodazole plus or minus 4 µg/ml of ZIP6 or 

10.5 µg/ml of ZIP10 antibody for 20 hours. The assay revealed that the antibody 

treatment was not cytotoxic, at least in the short term (20 hours), as no significant 

difference to the control was found (Figure 4.11). Interestingly, samples treated with 

nocodazole revealed a cell viability higher than 100% (CON) (Figure 4.11). Cell viability 

is normally lower than the control when a treatment is toxic to cells. While these results 

highlighted that the antibody treatment with nocodazole was not toxic to cells, it was 

surprising that the cell viability of cells treated with nocodazole was so different to the 

control (Figure 4.11). This could stem from nocodazole inducing the cells to undertake 

an enzymatic reaction which interfered with the product of the MTT assay or could have 

been offset by cell death. It is known that reducing compounds such as chemotherapy 

agents can interfere with the reduction of tetrazolium and increase the absorbance 

values of the samples in the wells (Ulukaya, Colakogullari & Wood, 2004). Nocodazole is 

an anti-neoplastic agent, so the results observed may be explained by this evidence. 

 

Figure 4.11 Effect of ZIP6 or ZIP10 antibody treatment. 
MCF-7 cells were seeded in 35 mm dishes until 70% confluence before being treated with 150 nM 
nocodazole ± ZIP6 (4 µg/ml)or ZIP10 (10.5 µg/ml) antibody for 20 hours. After the treatment cells were 
washed with PBS and added 800 µl of MTT (0.5 mg/ml) at 37 °C for 4 hours. The MTT was then removed 
and cells were lysated with Triton X-100. The lysates were transferred into a 96 well plate before the 
colorimetric assay was assessed at 540 nm using a scanning spectrophotometer. Statistical significance 
was measured on n=3, but was not observed. 
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After confirming that the treatment with our ZIP6 or ZIP10 antibodies did not 

cause cell toxicity, cells treated with the antibodies at 4 µg/ml for ZIP6 and 10.5 µg/ml 

for ZIP10 were tested for signs of apoptosis such as cleavage of caspase 3 and PARP. This 

was achieved by using an apoptosis cocktail kit for western blot which allowed the 

simultaneous detection of cleaved PARP, procaspase 3 and cleaved caspase, all markers 

of apoptosis, along with b-actin for normalisation. Surprisingly, analysis of apoptosis 

with this kit did not reveal any signal for both procaspase 3 and cleaved caspase. This 

was explained by the evidence that MCF-7 cells were discovered in a previous study to 

be caspase 3 deficient cells (Sprengart, Wati & Porter, 1998), thus they use other 

pathways to undergo apoptosis. Therefore, only cleaved PARP was assessed. 

 

The positive control used for this experiment was camptothecin 5 µM, a potent 

inhibitor of topoisomerase I, which is often used in vitro to induce apoptosis (Wall & 

Wani, 1996). Cells were treated with 5 µM camptothecin for 20 hours, in order to 

maintain the same condition used for the treatment with nocodazole ± ZIP6 or ZIP10 

antibodies (20 hours treatment). Results showed that cells treated with 5 µM 

camptothecin had a significant increase of cleaved PARP (p<0.01, p<0.05) when 

compared to untreated cells (CON) (Figure 4.12 A-B), confirming that this treatment 

induced apoptosis. In particular, Figure 4.12-A shows that the samples treated with 

camptothecin had a significant increase of cleaved PARP when compared to either the 

control, nocodazole or the sample treated with both nocodazole and the ZIP6 antibody 

(p<0.01). On the contrary, cells treated with the ZIP6 antibody did not show any sign of 

apoptosis when compared to the nocodazole or control sample (Figure 4.12-A). 

Similarly, the ZIP10-directed antibody treatment showed no significant cleaved PARP in 

comparison to the control or nocodazole-treated samples, suggesting that this 

treatment was not causing apoptosis in the short term (Figure 4.12-B). 
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Figure 4.12 ZIP6/ZIP10 antibody treatment do not cause apoptosis in the short term. 
MCF-7 cells were treated at 70% confluence with 150 nM nocodazole (NOC) ± ZIP6 Y1 or ZIP10 R antibody 
at 4mg/ml or 10.5 mg/ml respectively or with 5 mM camptothecin (CPT) for 20 hours as positive control 
(+ve). After 20 hours treatment, cells were harvested and samples were prepared. The immunoblotting 
was carried out using an apoptosis kit for Western Blot (Abcam) which detects cleaved PARP along with b-
actin for normalisation (Figure A-B). The graphs show the levels of cleaved PARP for the treated cells when 
compared to the positive control (+ve) (Figure A-B). The graphs show the mean of n=3 ± SEM (standard 
error of the mean). Statistical significance comparing the +ve to the different cell treatment and the non-
treated samples (CON) is shown as * (p<0.05) or ** (p<0.01). No statistical significance was found between 
the samples treated with nocodazole ± ZIP6 or ZIP10 antibody and the non-treated samples (CON).  
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4.3.4.1 Cell cycle analysis of ZIP6 or ZIP10 antibody-treated cells 
After having ruled out that the treatment with either ZIP6 or ZIP10 antibody was 

cytotoxic or induced apoptosis, the next investigation analysed whether cells 

undergoing this treatment were arrested at a different stage of the cell cycle prior to 

mitosis. In fact, zinc was discovered to be necessary for cells to progress from the G2 

phase of the cell cycle to the cell division stage (Chesters & Petrie, 1999). Since our group 

have demonstrated that progression of cells from G2 to M phase relies on the action of 

ZIP6 and ZIP10 (Taylor et al, unpublished), it was likely that by blocking the zinc influx 

mediated by these two zinc transporters, cells could be arrested in G2. 

 

A previous study in our group that analysed cells treated with nocodazole and 

our ZIP6 or ZIP10 antibody by cell cycle FACS-analysis, revealed a significant decrease in 

the G2/M population of cells treated with the antibody (Nimmanon, 2016). Cells treated 

with ZIP6 Y antibody at 1:20 dilution (2 µg/ml) showed 29% of cells in the G2/M phase 

of the cell cycle, lower than the cells treated with nocodazole (41%), but higher than the 

control (22%) (Figure 4.13). On the other hand, 69% of control cells were found in G0/G1 

in comparison to the 50% of the ZIP6 antibody-treated cells and to 37% of the 

nocodazole-treated only (Figure 4.13). Analysis of the S phase revealed that 9% of 

control cells were S phase, compared to 22% for the nocodazole sample and the 20% of 

ZIP6-treated cells (Figure 4.13). Similarly, cell cycle analysis of ZIP10-antibody treated 

cells at the dilution 1:20 (5.25 µg/ml) showed a decrease in the percentage of cells in 

the G2/M phase (28%) when compared to the nocodazole treatment (41%), but higher 

than the control (22%) (Figure 4.13). ZIP10 antibody-treated cells showed 58% of cells 

in G0/G1 and 14% of cells in S phase (Figure 4.13). It was important to notice that the 

previous experiments had confirmed that cell treatment with either ZIP6 or ZIP10 

antibody and nocodazole significantly reduced the number of cells in mitosis. Therefore, 

the increased percentage of treated cells in the G2/M phase of the cell cycle compared 

to the control non-treated cells could be due to a higher proportion of cells in G2. 
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Figure 4.13 Decreased G2/M population by ZIP6 Y or ZIP10 R antibody. 
MCF-7 cells were treated with 150 nM nocodazole ± ZIP6 or ZIP10 antibody at 2 µg/ml or 5.25 µg/ml, 
respectively, for 20 hours. Cells were then stained with propidium iodide. DNA content was measured using 
FACS analysis. The percentage of the cells in the G0/G1, S and G2/M phases of the cell cycle was 
determined using FlowJo Software and are shown as 100% stacked column chart. Courtesy of Thirayost 
Nimmanon (Nimmanon, 2016). 
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4.3.4.2 Investigation of cyclin levels in the ZIP6 or ZIP10 antibody-treated cells 
Since FACS cell cycle analysis does not distinguish between the G2 and M phases, 

analysis of the cyclin levels in the antibody-treated cells was performed in an effort to 

clarify the likelihood of cells arrested in G2 when treated with the ZIP6 or ZIP10 

antibody. In fact, if the treatment with the ZIP6 or ZIP10-directed antibodies blocked the 

zinc influx necessary to trigger mitosis, the following hypothesis would be that the cells 

undergoing this treatment could be arrested at a phase of the cell cycle which is prior to 

mitosis, thus the G2 phase. 

 

Zinc is also known to be required during the S phase of the cell cycle (Prasad & 

Oberleas, 1974; Chesters, Petrie & Vint, 1989; Chesters, Petrie & Travis, 1990; Watanabe 

et al., 1993), when DNA duplication occurs. During S phase, zinc was predicted to come 

from the inside of the cell rather than the extracellular space (Li & Maret, 2009). It is 

likely that the zinc required during S phase would require a ZIP transporter located inside 

the cell, such as ZIP7. Therefore, mobilisation of zinc during S phase should not require 

the involvement of either ZIP6 or ZIP10. This evidence would support the hypothesis 

that the ZIP6 or ZIP10 antibody-treated cells may be arrested in G2, which is the phase 

of the cell cycle which follows S phase. In order to confirm this hypothesis, an in-depth 

investigation of the different cyclins was carried out. Cyclins are proteins whose 

expression fluctuates throughout the cell cycle and, as their name suggests, they are 

synthesised and degraded at the end of each stage of the cell cycle (Evans et al., 1983). 

As their expression is typical of each stage of the cell cycle, they are good indicators of 

each phase (Figure 4.15-A). 

 

MCF-7 cells treated with or without nocodazole (150 nM) and our ZIP6 or ZIP10 

antibody at 4 µg/ml and 10.5 µg/ml, respectively, were analysed by western blotting 

and probed for cyclin D1, E, A and B1. It was noticeable that cells treated with our ZIP6 

antibody had a significant decrease of the cyclin D1 (p<0.01) and cyclin B1 (p<0.05) when 

compared to the cells synchronised with nocodazole (Figure 4.14-B). However, results 

for cyclin E and A showed no significant change (Figure 4.14-B). The same investigation 

performed with the cells treated with the ZIP10 R antibody showed similar results to the 

ZIP6-treated cells. In particular, results showed a significant decrease of cyclin D1 

(p<0.05) and cyclin B1 (p<0.05) compared to nocodazole samples, but again no 
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significant decrease of cyclin E or A (Figure 4.14-C). While these results confirmed once 

again that cells treated with either ZIP6 or ZIP10 antibody were not in mitosis as they 

showed a significant decrease of cyclin B1, a marker of mitosis, it suggested that cells 

could be arrested between the S and G2 phase of the cell cycle. In fact, while cyclin E is 

specific for S phase, cyclin A has an important role both during the S phase and G2 phase 

(Pagano et al., 1992). 

 

The analysis of the cyclins A (G2 phase) and B1 (G2/M phase) was also performed 

with immunofluorescence, probing for pS10Histone H3 as a marker of mitosis (Figure 

4.15-4.16). Results showed that cells which were positive for pS10Histone H3 were only 

positive for cyclin B1 (Figure 4.15) but not cyclin A (Figure 4.16), confirming the role 

played by cyclin A prior to mitosis in the G2 phase. Immunofluorescence results of cyclin 

B1 showed that the nocodazole sample had a clear increase in the number of cells 

positive for both pS10Histone H3 and cyclin B1 in comparison to both the control and the 

antibody-treated samples (both ZIP6 and ZIP10) (Figure 4.15), similar to the results 

discovered for cyclin B1 with western blotting (Figure 4.14). Moreover, this result 

further corroborated the previous experiments that cells treated with the ZIP6 or ZIP10 

antibody and nocodazole had a significant decrease of mitotic cells in comparison to the 

nocodazole-only treated samples (Figure 4.5-8). Results for cyclin A staining, even 

though not as clear as the ones obtained for cyclin B1 (Figure 4.15), did not reveal a 

visible difference across the different samples (Figure 4.16). It is worth noticing that 

most of the cells which were positive for the cyclin A were not positive for pS10Histone 

H3 (Figure 4.16), confirming that this cyclin has a role prior to mitosis. 

 

These results taken all together suggested the possibility that the antibody 

treatment stopped cells at a stage of the cell cycle between the S and G2 phases, most 

likely in G2. 
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Figure 4.14 ZIP6 or ZIP10-directed antibody treatment induced reduction of cyclin B1 and cyclin D1. 
MCF-7 cells were treated at 70% confluence with 150 nM nocodazole ± ZIP6 Y1 or ZIP10 R antibody at 4 
µg/ml or 10.5 µg /ml respectively. After 20 hours treatment cells were harvested and samples for western 
blot were prepared. 
B-C. Western blotting was performed probing samples for cyclin B1, cyclin A, cyclin E and cyclin D1. The 
experiment was performed using three biological replicates and the densitometric data was normalised to 
the results of b-actin. The graphs show the mean values of n=3 ± SEM (standard error of the mean). 
Statistical analysis was performed and statistical significance is shown as ** (p<0.01) and * (p<0.05).  
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Figure 4.15 Investigation of cyclin B1 in cells treated with ZIP6 or ZIP10 antibody and synchronised in 
mitosis with nocodazole. 
Cells were seeded on coverslips and treated at 70% confluence with nocodazole (150 nM) ± ZIP6 Y1 or 
ZIP10 R antibody at 4 µg/ml or 10.5 µg/ml, respectively. After 20 hours treatment, cells were fixed and 
stained with pS10Histone H3 (green), cyclin B1 (red) and nuclei counterstained with DAPI (blue 
fluorescence). Pictures are representative of each different treatment compared to control (no treatment) 
and were taken with a 63x oil immersion lens microscope (Leica DMIRE2). Scale bar: 10 µm.  
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Figure 4.16 Investigation of cyclin A in cells treated with ZIP6 or ZIP10 antibody and synchronised in 
mitosis. 
Cells were seeded on coverslips and treated at 70% confluence with nocodazole (150 nM) ± ZIP6 Y1 or 
ZIP10 R antibody at 4 µg/ml or 10.5 µg/ml, respectively. After 20 hours treatment, cells were fixed and 
stained with pS10Histone H3 (green), cyclin A (red) along with DAPI (blue fluorescence). Pictures are 
representative of each different treatment along with control (no treatment) and were taken with a 63x 
oil immersion lens microscope (Leica DMIRE2). Scale bar: 10 µm.  
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4.3.4.3 Investigation of PLK1 in ZIP6 or ZIP10 antibody-treated cells 
Another protein which is essential for the progression of cells from G2 to M 

phase is PLK1, a kinase which is involved in the activation of the complex between CDK1 

(or cdc-2) and cyclin B1 (Gavet & Pines, 2010a). Without the activation of this complex, 

mitosis would not start (Gheghiani et al., 2017). Therefore, the protein level of PLK1 was 

analysed, revealing that ZIP6 or ZIP10-antibody treated cells had no increase of PLK1. 

PLK1 expression normally peaks during mitosis (Petronczki, Lénárt & Peters, 2008). In 

fact, Figure 4.17-A shows that the level of PLK1 was significantly increased in the 

nocodazole sample not only in comparison to the control (p<0.05) but also to the cells 

treated with both nocodazole and the ZIP6 antibody at 4 µg/ml (p<0.01). The increased 

level of PLK1 in the nocodazole sample confirmed the essential role of PLK1 in the 

regulation of mitosis (Gavet & Pines, 2010a; Gheghiani et al., 2017). Similar to the ZIP6 

treatment, Figure 4.17-B showed that the cells treated with nocodazole had a significant 

increase of PLK1 in comparison to both the control and the sample treated with 

nocodazole and 10.5 µg/ml of ZIP10-directed antibody (p<0.05). In both Figure 4.7-A 

and Figure 4.7-B there was no significant difference between the control and the 

antibody-treated cells, confirming that these cells were not capable of entering mitosis 

as they lacked the zinc necessary to trigger mitosis. 

 

4.3.4.4 Investigation of quiescence in cells treated with the ZIP6 or ZIP10 antibody 
The last part of this chapter investigated the fate of the antibody-treated cells. 

In fact, one question that has not been answered yet is whether the cells entered a stage 

of quiescence since cell division was prevented by the antibody treatment. When cells 

stop dividing they normally enter either quiescence or senescence. While these two 

states are often confused, quiescence is reversible, while senescence is not 

(Blagosklonny, 2011). In particular, it is known that quiescence happens when cells lack 

nutrition and/or mitogen and growth factors which are necessary for cells to grow and 

divide (Terzi, Izmirli & Gogebakan, 2016). For this reason, the next analysis investigated 

the possibility of cells entering a quiescent state following the treatment with the 

antibody, potentially due to a lack of the zinc necessary to trigger mitosis resulting in a 

block of the ZIP6-ZIP10 heteromer. 



 133 

 

Figure 4.17 ZIP6 or ZIP10-treated cells have significant decrease of protein PLK1. 
MCF-7 cells were treated at 70% confluence with 150 nM nocodazole ± 4 µg/ml ZIP6 or 10.5 µg/ml ZIP10 
antibody. After 20 hours treatment cells were harvested and samples for western blot were prepared. 
Western blot was performed probing samples for PLK1. The experiment was performed using three 
biological replicates and the densitometric data was normalised to the results of b-actin. The graphs show 
the mean values of n=3 ± SEM (standard error of the mean). Statistical significance is shown as ** (p<0.01) 
and * (p<0.05).  
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Analysis of quiescence was performed by assessing the protein level of p27kip1, a 

marker of quiescence. This protein is used as a marker of quiescence as it is normally 

overexpressed in quiescent cells. p27 kip1 is an inhibitor of the complex between cyclin E 

and CDK2, which is necessary for the progression of cells from G1 to S phase (Sheaff et 

al., 1997). Similar to the analysis of the cyclins and PLK1, p27kip1 was analysed in cells 

treated with our ZIP6 or ZIP10-directed antibody in comparison to cells treated with 

nocodazole and non-treated cells. As shown in Figure 4.18-A cells treated with 

nocodazole and the ZIP6 Y antibody at 4 µg/ml had a significant decrease of p27kip1 in 

comparison to the nocodazole sample (p<0.05), whereas no significance was observed 

when comparing this sample to the control. On the contrary, the level of p27kip1 in the 

control sample was very similar to the nocodazole sample (Figure 4.18-A). Similarly, cells 

treated with the ZIP10 antibody at 10.5 µg/ml showed a significant decrease of p27kip1 

in comparison to the control (p<0.05), but no significance to the nocodazole sample 

(Figure 4.18-B). Therefore, these results contradicted the previous hypothesis, but 

instead suggested that cells treated with the ZIP6 or ZIP10 antibody were not quiescent. 

However, this reinforced the hypothesis that cells treated with the antibodies were 

arrested at a different stage of the cell cycle prior to mitosis, as suggested by the 

previous results. 

 

Taken all together these results confirmed that when cells were treated with the 

ZIP6 or ZIP10 antibody, it was possible to block cells from entering mitosis. This data 

now needs to be expanded by testing the antibodies in animal models to confirm their 

use as novel immunotherapy agents that could be used to reduce the cell growth of 

proliferative diseases such as cancer. 
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Figure 4.18 Cells treated with either the ZIP6 or ZIP10 antibody are not quiescent. 
MCF-7 cells were treated at 70% confluence with 150 nM nocodazole ± 4 µg/ml ZIP6 or 10.5 µg/ml ZIP10 
antibody. After 20 hours treatment cells were harvested and samples for western blot were prepared. 
Western blot was performed probing samples for p27kip1. The experiment was performed using three 
biological replicates and the densitometric data was normalised to the results of b-actin. The graphs show 
the mean values of n=3 ± SEM (standard error of the mean). Statistical significance is shown as * (p<0.05).  
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4.4 Discussion 
4.4.1 Zinc is necessary for cell division 

The involvement of zinc in the regulation of the cell cycle has been known since 

the mid-sixties (Fujioka & Lieberman, 1964), however its actual role in mitosis is only 

now starting to be understood. Zinc is known to be essential at different stages of the 

cell cycle, in particular during the G1 and G2 phases (Chesters & Petrie, 1999). Many 

studies have identified zinc as essential for DNA synthesis (Prasad & Oberleas, 1974; 

Chesters, Petrie & Vint, 1989; Chesters, Petrie & Travis, 1990; Watanabe et al., 1993), as 

insufficient zinc led to inadequate entry of cells into S phase, the stage of the cell cycle 

where DNA synthesis occurs. Zinc is also required for the transcription of cyclins, 

proteins involved in the regulation of the cell cycle (Chesters & Petrie, 1999). A study of 

the cell cycle of undifferentiated PC12 (adrenal gland) cells revealed two peaks of zinc 

during the cell cycle, one during early G1 phase and the second one during the G1/S 

transition (Li & Maret, 2009). In fact, the role of zinc during G1/S phase transition relies 

on the requirement of zinc for the synthesis of cyclin D and cyclin E (Li & Maret, 2009), 

proteins that are essential for the progression of cells from G1 to S phase. Moreover, 

zinc was discovered to be essential for cell differentiation, as myoblast differentiation 

was demonstrated to be dependent on zinc (Petrie, Chesters & Franklin, 1991). In fact, 

it was observed that inhibition of myoblast differentiation in C2C12 (mouse myoblast) 

cells by the use of a metal chelator was reverted by addition of zinc instead of copper 

(Petrie, Buskin & Chesters, 1996). 

 

Beyond its role in G1 phase, zinc was identified as also being essential during the 

G2 phase (Chesters & Petrie, 1999). A study of human bronchial epithelial cells 

supplemented with zinc showed that cells were arrested at the G2/M transition by 

increased expression of p53, followed by an increase of the cell cycle inhibitor p21 

(Wong et al., 2008). On the contrary, cells of Xenopus oocytes treated with metal 

chelator were blocked at the G2/M transition by inhibition of the phosphatase Cdc25C, 

which is involved in the activation of the complex between cyclin B1 and CDK1 at the 

onset of mitosis (Sun et al., 2007). Therefore, a proper zinc balance is essential for the 

progression of cells from the G2 to M phase of the cell cycle. Nevertheless, all these 

studies did not provide any information regarding the mechanism by which zinc is 

transported or made accessible at this stage. Zinc concentration is tightly controlled by 
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zinc transporters and proteins, such as metallothionein. Experiments using zinc 

supplementation or zinc chelation highlighted the importance of zinc in cell proliferation 

(Li & Maret, 2009), as well as confirming that its supply comes from the extracellular 

environment (Rudolf & Červinka, 2008). More recently, it was seen that zinc influx is 

necessary for oocyte to egg-transition, being essential for the progress of the oocyte 

through meiosis (Kim et al., 2010). Tests in vitro of oocytes maturation have shown that 

a high concentration of TPEN (a zinc metal chelator) had a dramatic effect at preventing 

meiosis progression. Although, TPEN binds preferentially copper over zinc, this effect 

was seen to be dependent on zinc chelation and no other metals (Kim et al., 2010). 

Lately, zinc transporters ZIP6 and ZIP10 were identified as being essential for the 

progression of meiosis by providing the zinc necessary for meiotic maturation (Kong et 

al., 2014). Disruption of these two zinc transporters during meiotic maturation was 

associated with cell cycle arrest due to the perturbation of zinc levels (Kong et al., 2014). 

This was the first study addressing these two zinc transporters in the regulation of 

meiosis. The fact that zinc deficiency was responsible for the arrest of cell division was 

seen in a previous study where growth of Euglena gracilis (a species of alga) was 

arrested when grown in zinc-deficient medium (Falchuk, Fawcett & Vallee, 1975), but 

the actual mechanism was still unknown. In this respect, our group have identified that 

ZIP6 and ZIP10 zinc transporters are required not only for meiosis but also for the 

regulation of mitosis, the last step of the cell cycle (Taylor et al, unpublished). 

Furthermore, it has recently been demonstrated how ZIP6 and ZIP10 bind to each other, 

forming a heteromer which acts as a unique complex (Taylor et al., 2016). The way these 

two molecules bind to each other has yet to be defined as there is no crystal structure 

available for these zinc transporters. However, a recent study has reported the first 

crystal structure for another ZIP transporter, ZIP4, highlighting the importance of its 

dimeric structure as a feature that is also common for the other members of the LIV-1 

subfamily (Zhang, Sui & Hu, 2016). The investigation of the function and regulation of 

this ZIP6-ZIP10 heteromer should help us clarify the exact role played by zinc in mitosis. 

 

4.4.2 ZIP6 or ZIP10-directed antibody treatment prevents cell division 
This chapter expanded the recent discovery that ZIP6 and ZIP10 together trigger 

mitosis by influxing zinc (Taylor et al, unpublished). Here that preliminary discovery was 

corroborated by demonstrating that cell treatment with either ZIP6 or ZIP10 N-terminal 
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domain specific antibodies prevented mitosis in the presence of nocodazole, an anti-

neoplastic agent that synchronises cells into mitosis (Blajeski et al., 2002). This finding 

suggested that dimerization is a characteristic which may be essential for the proper 

function of ZIP transporters and implied that the presence of this dimer on the plasma 

membrane is required to drive cell proliferation. This study showed that when cells were 

synchronised in mitosis by using nocodazole and were treated with our ZIP6 or ZIP10 

antibodies at 4 µg/ml or 10.5 µg/ml respectively, the number of mitotic cells was 

significantly decreased even though cells were treated with nocodazole (Figure 4.6-8). 

This effect was due to the action of these ZIP6 or ZIP10-directed antibodies as confirmed 

by the negative control of IgG (Figure 4.6-7). In fact, while there is evidence that human 

IgG could bind zinc (Yamanaka et al., 2016), the mitosis inhibition effect was not seen 

when using a normal IgG as a negative control, but it was only due to the ability of our 

antibodies to block the ZIP6-ZIP10 heteromer. Moreover, cell growth experiments with 

breast cancer cells treated with the ZIP6 antibody for 4 days in the absence of 

nocodazole verified the significant reduction of cell growth induced by the treatment 

with the antibody (Figure 4.9). 

 

This evidence confirmed the hypothesis that by blocking this heteromer, it was 

possible to block the zinc influx mediated by this complex and therefore block mitosis. 

Having confirmed the most effective antibody concentrations in vitro (4 µg/ml for ZIP6 

and 10.5 µg/ml for ZIP10), these concentrations were used for the rest of the 

investigation. The efficacy of this treatment was demonstrated not only in breast cancer 

cell lines but also in a colorectal cancer cell line (Figure 4.8), suggesting that this could 

be a general mechanism for triggering mitosis in cells. The investigation began in MCF-

7 cells because ZIP6 was first discovered as an oestrogen-related gene (Manning et al., 

1995). In fact, ZIP6 is highly expressed in oestrogen receptor positive breast cancer and 

glands such as prostate, whereas its expression in colon is not as high as those tissues 

(Fagerberg et al., 2014). Most interestingly the ZIP6 antibody-mediated mitosis 

inhibition was confirmed in different breast cancer cell lines, including those 

representing triple negative disease (Figure 4.10). The next step of this investigation 

would be to assess the effect of the ZIP6 antibody-treatment for a longer period of time, 

but unfortunately for the purpose of this project this was not possible as this experiment 
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required a lot of antibody to be used. At the time of this investigation, our group did not 

have enough stock left of the antibodies. In fact, the 4-days treatment with the ZIP10 R 

antibody was not carried out for this reason. As soon as this was confirmed, it would 

further corroborate the ability of ZIP6 or ZIP10-directed antibody to reduce the cell 

growth in hyperproliferative diseases such as cancer, which are characterised by 

uncontrolled cell growth as one of the main hallmarks that distinguish cancer cells from 

normal cells. 

 

4.4.3 ZIP6 or ZIP10-directed antibody treatment arrests cells prior to mitosis 
Cytotoxicity assay confirmed that the short-term treatment with ZIP6 or ZIP10 

antibody did not decrease cell viability and was not toxic to cells (Figure 4.11). This is an 

important aspect that needs to be assessed in future experiments with these antibodies, 

as the overall goal of cancer treatment is to induce tumour shrinkage and to kill cancer 

cells. However, it was interesting to notice that the MTT cytotoxic assay results 

suggested that the treatment with the ZIP6 and ZIP10 antibodies may be offset by cell 

death in the long term, as this was not confirmed in the short term by apoptosis analysis. 

According to the literature, there is controversial evidence as to whether zinc excess or 

zinc deficiency is pro (Kim et al., 1999; Shumilina et al., 2010) or anti-apoptotic (Nodera, 

Yanagisawa & Wada, 2001; Ho, Courtemanche & Ames, 2003; Verstraeten et al., 2004; 

Fraker, 2005). 

 

Some studies have correlated the PI3K/AKT pathway with the prevention of 

apoptosis (Chang et al., 2003). This is not surprising as the PI3K/AKT pathway is known 

to be involved with a variety of cancers and human malignancies (Krasilnikov et al., 1999; 

Fry, 2001; Vivanco & Sawyers, 2002). Moreover, it is also known that zinc can activate 

AKT directly (Lee et al., 2009) and more recently our group have discovered that the 

activation of these pathways is mediated by the ZIP7-mediated zinc release (Nimmanon 

et al., 2017). In our recent paper, it was also demonstrated that activated ZIP7 was able 

to activate the MAPK pathway. Interestingly, another study has demonstrated that Hep-

2 cells (human epithelial cells) displaying higher zinc uptake had increased activation of 

the MAP kinase signalling, followed by increased activation of the p53-mediated 

apoptosis pathway (Rudolf, 2008). This data confirmed the role played by zinc as a 

second messenger (Yamasaki et al., 2007), whose release from the stores induces the 
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activation of downstream pathways which results in zinc being a promoter of apoptosis. 

However, in dendritic cells zinc was found to induce apoptosis by stimulation of 

ceramide production (Shumilina et al., 2010) and similarly in mouse cortical cells 

exposure to high concentration of zinc resulted in neuronal death (Kim et al., 1999). 

Analysis of apoptosis in the current study revealed that antibody-treated cells were not 

apoptotic in the short term when compared to a positive control of apoptosis such as 

camptothecin (Figure 4.12). This result confirmed that the decrease in mitotic cells due 

to the antibody treatment did not stem from cell death, but potentially from the lack of 

zinc induced by blocking the ZIP6-ZIP10 heteromer. 

 

This discovery led to the formulation of the hypothesis that by blocking the zinc 

influx necessary to trigger mitosis, cells may be arrested at a stage of the cell cycle prior 

to mitosis, in particular the G2 phase. Since zinc plays an essential role in the regulation 

of the cyclins (Chesters & Petrie, 1999), blocking the zinc influx at that stage of the cell 

cycle may have an effect on their expression. The current investigation showed that cells 

treated with both nocodazole and the ZIP6 or ZIP10 antibody had a significant decrease 

of cyclin D1 and B1, but not a significant decrease of cyclin E or A (Figure 4.14B-D). This 

evidence was further confirmed with immunofluorescence (Figure 4.15-4.16), showing 

that cells-treated with our ZIP6 or ZIP10-directed antibody (Figure 4.15) had less cyclin 

B1 than cells synchronised in mitosis with nocodazole. These results suggested that 

when cells were treated with our ZIP6 or ZIP10 antibody they may be arrested between 

the S and G2 phase of the cell cycle, as suggested also by the cell cycle analysis which 

showed that cells treated with the antibody and nocodazole had more cells in G2/M 

phase and S phase in comparison to control non-treated cells. 

 

Further evidence that cells treated with the ZIP6 or ZIP10 antibodies could not 

enter mitosis came from the analysis of the protein level of PLK1. PLK1 has a crucial role 

in the activation of the complex between cyclin B and CDK1, which is required at the 

onset of mitosis (Gavet & Pines, 2010a; Gheghiani et al., 2017). The analysis revealed a 

significant decrease of PLK1 in the antibody-treated samples in comparison to 

nocodazole treated samples, but a similar level to the control (Figure 4.17). This further 

confirmed that cells treated with these antibodies were not able to proceed through 
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mitosis. Although the current study did not measure zinc, this had already been done in 

a previous investigation in our group. In fact, previous studies confirmed that when cells 

were treated with these antibodies, a significant decrease of cytoplasmic zinc was 

observed (Nimmanon, 2016). This project expanded this preliminary evidence and 

demonstrated that treatment with the ZIP6 or ZIP10-directed antibody stops cells prior 

to mitosis, more likely in G2, and confirmed the requirement of both ZIP6 and ZIP10 at 

the onset of mitosis. This evidence is also supported by the fact that, in normal zinc 

conditions, zinc binds the phosphatase Cdc25C which is essential for the G2/M phase 

transition of the cell cycle. In fact, Cdc25C is involved in the dephosphorylation of CDK1 

and activation of its complex with cyclin B1 (Sun et al., 2007), a requirement of G2/M 

transition. 

 

4.4.4 Treatment of cells with ZIP6 or ZIP10-directed antibody does not lead to 
quiescence 
The confirmation that cancer cell growth was arrested by treatment with a ZIP6 

or ZIP10 antibody raised another important question regarding the fate of these cells. 

One possible fate of cells that stop dividing is to enter a state called quiescence (Pardee, 

1974). This state of inactivity is typical of cells which lack nutrients essential for cell 

growth and replication (Terzi, Izmirli & Gogebakan, 2016). As antibody-treated cells have 

decreased cytoplasmic zinc (Nimmanon, 2016), the lack of this nutrient could induce 

cells to exit the cell cycle and become quiescent. Quiescence is promoted by the action 

of a CDK inhibitor called p27kip1 whose activity is regulated by the cyclin-CDK complex 

(Sheaff et al., 1997). It was found that when cells were treated with our specific 

antibodies they showed a significant decrease in p27kip1 (Figure 4.18), suggesting that 

cells were not quiescent, as an increase would be expected in quiescence (Sherr & 

Roberts, 1999). Normally, an increase of p27kip1 is associated with the arrest of cells at 

the G1/S transition (Polyak et al., 1994), therefore suggesting that cells treated with the 

ZIP6 or ZIP10 antibody may have overcome this stage and were arrested at a later stage, 

most likely the G2 phase. Decrease of p27 kip1 is associated with aggressive behaviour in 

cancer and increased proliferation, since p27 kip1 is a tumour suppressor (Lloyd et al., 

1999). Despite this evidence, all of the above results showed the opposite, since the cells 

treated with the antibodies had reduced cell growth (Figure 4.9-4.10). Moreover, the 

analysis of the cyclins did not reveal any significant increase of cyclin E, which is often 
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increased along with decreased p27 in tumour development (Gladden & Diehl, 2003; 

Lloyd et al., 1999). This data further corroborated the hypothesis of cells arrested 

between the S and G2 phase of the cell cycle. 

 

All this data demonstrated that treatment with ZIP6 and ZIP10 antibody arrested 

cells prior to mitosis (Figure 4.19). The ultimate fate of these cells still needs to be 

elucidated by future work, which must include the use of this treatment for a longer 

period of time. It would be interesting to see what the effect of the long-term use of 

these antibodies is and whether cells can adapt to this condition by using other zinc 

transporters to mediate zinc influx. So far, this possibility was ruled out, as recent 

investigations in our groups have shown that when cells, treated with either ZIP6 or 

ZIP10, were released from the treatment, they started to grow again. However, as soon 

as the treatment was added back, the cell growth was reduced (Taylor et al, 

unpublished). This evidence would confirm that ZIP6 and ZIP10 are the two essential 

zinc transporters for driving cell division. As soon as the efficacy of the long-term 

treatment with the antibodies is confirmed, it could provide potential new agents to be 

used in therapy to block aggressiveness in cancer, which relies on increased proliferation 

and increased cell growth. This study was fundamental to precede future work in animal 

models now that the effective concentration at preventing cell division in vitro was 

established. This data is promising for future work, as there is already evidence in the 

literature of a ZIP6 humanized monoclonal antibody conjugated to a potent microtubule 

disrupting agent which was demonstrated to reduce tumour cell growth in breast cancer 

xenograft models (Sussman et al., 2014). The benefit of targeting ZIP6 and ZIP10 is that 

they both reside on the plasma membrane during mitosis, making them accessible 

targets for the inhibition of mitosis. Furthermore, expression of ZIP6 is a downstream 

target of STAT3, a transcription factor known to be overexpressed and to drive cell 

proliferation in many cancers (Buettner, Mora & Jove, 2002). ZIP6 and STAT3 together 

have been shown to regulate EMT in zebrafish gastrula organizer cells (Yamashita et al., 

2004), and the same mechanism has also been seen in breast cancer cells (Hogstrand et 

al., 2013). Furthermore, ZIP10 expression is also regulated by STAT3 (Miyai et al., 2014), 

suggesting that both ZIP6 and ZIP10 have a role in cell proliferation and metastasis, 

making them more feasible targets for proliferative and invasive diseases. Although 
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many antimitotic drugs such as taxanes and vinca alkaloids are currently used in 

chemotherapy, their cytotoxic effect on non-tumorigenic cells is a serious issue in 

therapy (Van Vuuren et al., 2015). Knowing that ZIP6 and ZIP10 are overexpressed in 

many tumours (Manning et al., 1995; Mcclelland et al., 1998; Kagara et al., 2007; Taylor, 

2008; Sussman et al., 2014; Pal et al., 2014) and are both involved in metastatic events 

(Hogstrand et al., 2013; Taylor et al., 2016), provide an additional benefit to their use as 

cancer targets. 

 

 

Figure 4.19 ZIP6 or ZIP10-directed antibody prevents the zinc influx necessary to trigger mitosis. 
ZIP6 and ZIP10 form a heteromer on the plasma membrane (Taylor et al., 2016) which is necessary to 
provide the zinc influx to trigger mitosis (Taylor et al, unpublished). As their N-terminal domain is predicted 
to be intertwined with each other (Zhang, Sui & Hu, 2016), targeting one or the other is effective at 
blocking the heteromer. 
 

4.5 Chapter summary 
 This chapter expanded our recent discovery that two zinc transporters belonging 

to the LIV-1 subfamily of the SLC39A family act as a heteromer on the plasma membrane 

and are involved in providing the zinc influx necessary to trigger mitosis (Taylor et al, 

unpublished), a mechanism that has never been investigated previously. In light of this, 

this investigation analysed whether by using specific ZIP6 and ZIP10 antibodies directed 

to the N-terminal domain of these two zinc transporters, it was possible to block this 

zinc influx and therefore stop mitosis. It was discovered that cells belonging to different 

cancer cell lines treated with either ZIP6 or ZIP10 antibody were not able to enter mitosis 

(Figure 4.19) and arrested at a stage of the cell cycle prior to mitosis. This treatment was 
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revealed not to be toxic to cells in the short term, and needs now to be expanded to 

longer term. However, when this treatment was prolonged to 4 days, the growth of 

different cancer cell lines was significantly reduced, providing new promising targets for 

therapy of aggressive diseases such as cancer, which are characterised by increased and 

uncontrolled cell growth.
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5 INVESTIGATING THE ROLE OF ZIP6 AND ZIP10 IN MITOSIS BY 
USING A MODEL OF ZIP6 KNOCKOUT CELLS  
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5.1 Introduction 
In Chapter 4 it was demonstrated how both ZIP6 and ZIP10 are involved in the 

regulation of mitosis and that it was possible to downregulate cell division by using 

specific ZIP6 or ZIP10 antibodies. For this reason, the next investigation aimed at 

discovering the mechanism by which these two zinc transporters regulate cell division 

and cell growth. In order to better understand this, in this chapter a mouse mammary 

cell line with ZIP6 knocked out was used (NMuMg ZIP6 ko). This cell line was kindly gifted 

to us by one of our collaborators in Canada and it was developed using the CRISPR-Cas9 

technique (Brethour et al., 2017). This ZIP6 knockout cell line was compared to the 

corresponding wild type throughout the project to investigate how the downregulation 

of ZIP6 affected cells. This research group in Canada had used this knocked-out cell line 

to investigate the role of ZIP6 in EMT (epithelial to mesenchymal transition), as ZIP6 was 

previously discovered to have an important role in EMT and cancer development 

(Yamashita et al., 2004; Hogstrand et al., 2013). EMT is a mechanism by which epithelial 

cells acquire mesenchymal properties during embryonic development and it is a process 

often used by cancer cells to acquire invasive properties (Kalluri, 2009). Brethour et al 

showed that ZIP6 expression was significantly increased during EMT induced by 

transforming growth factor beta 1 (TGFB1) treatment in NMuMg wild type cells 

(Brethour et al., 2017). Moreover, this investigation confirmed the previous discovery 

of ZIP6 forming a heteromer with ZIP10 and, in particular, demonstrated that this dimer 

primarily interacted with NCAM1, a protein involved in forming focal adhesions. Most 

interestingly, it was also shown that ZIP6 and ZIP10 displayed interdependency during 

their expression, as the expression of one influenced the expression of the other 

(Brethour et al., 2017). However, the interdependency of ZIP6 and ZIP10 has not yet 

been studied for its role in cell division and for investigating the consequence that 

downregulation of one member of this dimer could have on cell cycle progression and 

cell growth, the aim of the current chapter. 

 

5.1.1 Aims and objectives 
The aim of this chapter was to investigate the role of ZIP6 in cell growth and 

mitosis by using a cell line of NMuMg ZIP6 knockout cells. This was achieved by 

comparing these ZIP6 knockout cells to the corresponding wild type. Consequently, the 

objectives of this chapter were: 
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1. To compare the cell growth of ZIP6 knockout cells in comparison to the 

corresponding wild type and to look for other proteins that have an important 

role in the regulation of cell growth and the cell cycle; 

2. To downregulate ZIP10 in the ZIP6 knockout cells and to assess the effect that 

the downregulation of both ZIP6 and ZIP10 has on cell growth or cell viability. 

 

5.2 Materials and methods 
The comparison of the cell growth rate of the NMuMg wild type and NMuMg 

ZIP6 knockout cells was carried out by performing a cell growth assay where cells were 

counted every day for 4 days. Protein levels of ZIP10, cyclins and STAT3 were assessed 

by western blotting in order to investigate how the knockout model coped with the lack 

of ZIP6. Moreover, since ZIP6 and ZIP10 were discovered to be important zinc 

transporters on the plasma membrane and to be required for the zinc influx to trigger 

mitosis, the content of zinc was measured in the two different cell models by using a 

flow cytometry Fluozin-3 zinc assay. The ZIP6 knockout model was also used to 

investigate the effect of ZIP10 downregulation on the cell viability and cell growth of this 

cell line by performing a ZIP10 siRNA transfection. For more details about the methods, 

refer to Chapter 2.  
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5.3 Results 
5.3.1 The effect of ZIP6 knockout on cell growth 

Having demonstrated in the previous chapter how treatment with specific ZIP6 

or ZIP10 antibodies was able to inhibit the growth of different cancer cell lines, the first 

aim of this chapter was to evaluate the effect of ZIP6 downregulation on cell growth. 

The NMuMg wild type cell line expresses both ZIP6 and ZIP10. In fact, since both ZIP6 

and ZIP10 are necessary for cell division, it was interesting to look at how the ZIP6 

knockout cells coped with the downregulation of ZIP6. NMuMg wild type and ZIP6 

knockout cells were seeded at the same density in a 24 well plate and monitored every 

day by counting cells with a Coulter counter (Figure 5.1). The analysis revealed that the 

ZIP6 knockout model had a slower growth rate when compared to the corresponding 

wild type at day 2, 3 and 4 (p<0.05) (Figure 5.1). No significant difference was detected 

at day 1 probably because when cells were seeded for the experiment they took a while 

to start growing. This result confirmed that the lack of ZIP6 was affecting the growth of 

cells and indicated that the presence of a dimer on the plasma membrane may be 

essential for the progression of cells through G2 and M phase. 

 

 

Figure 5.1 NMuMg ZIP6 knockout cells have a reduced cell growth rate compared to wild type cells. 
NMuMg wild type (wt) and ZIP6 knockout (ko) cells were seeded on a 24 well plate and counted every 24 
hours for 4 days using a cell Coulter counter. The number of cells counted was plotted in a line graph. The 
experiment was performed on three biological replicate and the graph shows n=3 ± SEM (standard error 
of mean). Statistical analysis was performed and is shown as * (p<0.05). 
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5.3.1.1 Cell cycle analysis of ZIP6 knockout cells 
It was surprising to notice that despite the fact that the knockout cell line were 

deprived of ZIP6, these cells were still able to grow. In order to better decipher how this 

cell line coped with the downregulation of ZIP6, the previous data was compared to the 

FACS cell cycle analysis previously obtained in our group which compared the ZIP6 

knockout cells to the corresponding wild type (Nimmanon, 2016). Interestingly, this data 

showed only a slight decrease in the percentage of cells in the G2/M phase of the cell 

cycle from 27% of the wild type to 25% of the ZIP6 knockout cells (Figure 5.2). This 

evidence confirmed that these cells were still able to grow and divide even without ZIP6. 

Conversely, a dramatic decrease in the population of cells in S phase was observed from 

23% in the wild type to 7% in the knockout model (Figure 5.2). This analysis also revealed 

that the knockout cells had a larger population of cells in the G0/G1 phase (73%) 

compared to the wild type (45%) (Figure 5.2). This data suggested that ZIP6 may also 

play a role in the S phase of the cell cycle. 

 

It is well established that zinc is required for S phase, acting as an important 

cofactor for many enzymes required for DNA synthesis (Prasad & Oberleas, 1974; 

Chesters, Petrie & Vint, 1989; Chesters, Petrie & Travis, 1990). However, it was 

speculated that the zinc necessary for the S phase was provided by zinc release from 

inside intracellular stores (Li & Maret, 2009), most likely zinc transported by ZIP7, 

another member of the SLC39A family which was discovered to reside on the 

endoplasmic reticulum (Taylor et al., 2004). This evidence was also supported by the 

highly positive prediction score from PHOSIDA (score 3.03) (Gnad, Gunawardena & 

Mann, 2011) that predicted phosphorylation of residues S275 and S276 of ZIP7 by the 

kinase CK2 at late G1/S phase. Therefore, whether ZIP6 may have a role in S phase is not 

yet known and needs to be investigated further. 
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Figure 5.2 Comparison of cell cycle analysis in NMuMg wild type and ZIP6 knockout cells. 
NMuMg wt and ZIP6 ko cells were stained with propidium iodide and DNA content was measured using 
FACS analysis. Percentage of cells in G0/G1, S or G2/M phase was analysed using FlowJo software and are 
represented as a 100% stacked column chart. Courtesy of Thirayost Nimmanon.  
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5.3.2 Effect of ZIP6 downregulation on ZIP10 level 
Figure 5.1 showed that the cell growth of the ZIP6 knockout cells was affected 

by the lack of ZIP6 but that the cells were still able to grow. This implied that the cells 

lacking ZIP6 may find a compensatory mechanism by which they were still able to grow. 

This was also confirmed in Figure 5.2 as the knockout cells did not show a drastic 

reduction of cells in the G2/M phase population compared to the wild type. In order to 

investigate this further, the protein level of ZIP10 was assessed. In fact, it was seen in a 

previous study that knockdown of ZIP10 in zebrafish embryos resulted in upregulation 

of mRNA for both ZIP6 and STAT3 (Taylor et al., 2016). Furthermore, the expression of 

ZIP6 has been found to be interdependent with the expression of ZIP10 (Brethour et al., 

2017). Analysis of ZIP10 level was investigated by western blotting probing for ZIP10 in 

wild type and ZIP6 knockout cell samples. The analysis revealed that the ZIP6 knockout 

cells had a three-fold significant increase of ZIP10 protein levels (p<0.05) (Figure 5.3). 

This suggested that upregulation of ZIP10 could be used as a compensatory mechanism 

to counteract the lack of ZIP6. 

 

 

Figure 5.3 ZIP10 is three-fold increased in NMuMg ZIP6 knockout cells. 
A. NMuMg wild type (wt) and ZIP6 knockout (ko) cells were probed for ZIP10 by western blotting. 
B. The experiment was performed on three biological replicates and the mean of n=3 ± SEM (standard 
error of mean) is indicated as a bar graph. Statistical significance is shown as * (p<0.05).  
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5.3.3 Analysis of STAT3 on ZIP6 knockout cells 
In a previous study it was shown that downregulation of ZIP10 resulted in 

upregulation of both ZIP6 and STAT3 (Taylor et al., 2016). For this reason, it was 

interesting to analyse the effect of ZIP6 downregulation on STAT3. Figure 5.4-A-B shows 

that western blotting analysis of total STAT3 revealed no significant difference between 

the wild type and ZIP6 knockout cells. The investigation also analysed the level of 

activated STAT3. STAT3 is an important transcription factor whose tyrosine 

phosphorylation on 705 is involved in the regulation of a variety of processes including 

cell cycle regulation, apoptosis and the immune response (Levy & Lee, 2002). In addition, 

the role of STAT3 in cancer is well established (Bromberg, 2002) and phosphorylation of 

STAT3 is the key to these mechanisms. STAT3 can also be phosphorylated on serine 

residue 727 (Decker & Kovarik, 2000). The two phosphorylation sites are regulated by 

different kinases and play different roles in biology, in particular in oncogenesis 

(Bromberg, 2002; Decker & Kovarik, 2000). In a recent study in our group it was seen 

that the zinc influx mediated by the ZIP6-ZIP10 heteromer during mitosis was involved 

in zinc-dependant switch of the STAT3 phosphorylation from Y705 to S727 (Taylor et al, 

unpublished). This has been previously confirmed by others where nocodazole-induced 

cells had increased pSer727STAT3 and decreased pTyr705STAT3 (Shi et al., 2006). For this 

reason phosphorylation of STAT3 on serine residue 727 could be used as another marker 

of mitosis status. Other studies have also shown that serine phosphorylation of STAT3 

was constitutively active in cells with a higher cell proliferation rate (Decker & Kovarik, 

2000). Therefore, in this experiment the level of STAT3 phosphorylation was assessed in 

basal conditions. 

 

Results showed no significant difference in the total amount of STAT3 in the two 

cell lines (Figure 5.4-B). The two different phosphorylation sites of STAT3 were 

investigated in the ZIP6 knockout cells and results revealed a significant increase in 

phosphoserine STAT3 compared to the wild type cells (p<0.05) (Figure 5.4-C). 

Conversely, the phosphotyrosine STAT3 analysis, despite revealing a slight increase in 

the ZIP6 knockout model, was not significant (Figure 5.4-D).  



 153 

 

Figure 5.4 ZIP6 ko cells have increased pSer727STAT3 in comparison to the wild type in basal conditions. 
A. NMuMg wild type and ZIP6 ko cells were probed for total STAT3, pSer727STAT3 and pTyr705STAT3. 
B-C-D. The experiment was performed on three biological replicates and the mean of n=3 ± SEM (standard 
error of mean) is indicated as a bar graph. The densitometric data of total STAT3 was normalised to the 
level of GAPDH, whereas the densitometric data of activated STAT3 was normalised to the total level of 
STAT3. Statistical significance comparing the wild type to the ko cells is shown as * (p<0.05).  
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5.3.4 Analysis of cytoplasmic zinc in the ZIP6 knockout cells 
Our group have demonstrated that ZIP6 and ZIP10 are required to provide the 

zinc influx to trigger mitosis (Taylor et al, unpublished), therefore downregulation of ZIP6 

may have an effect on the level of intracellular zinc. For this reason, the level of zinc in 

the NMuMg wild type and ZIP6 knockout cells was analysed. This analysis was carried 

out by using Fluozin-3 zinc specific dye indicator and performed using FACS analysis. 

Results of this experiment revealed that the NMuMg ZIP6 knockout cells had a 

significant decrease of cytoplasmic zinc when compared to the corresponding wild type 

(Figure 5.5). The total amount of fluorescence was measured and the analysis showed a 

significant decrease of total cell fluorescence of over 50% between the wild type 

NMuMg cells and the ZIP6 knockout cell model (p<0.05) (Figure 5.5). This result 

confirmed what was demonstrated previously in our group, where immunofluorescence 

analysis of Fluozin-3 in the ZIP6 knockout cells showed less cytoplasmic zinc when 

compared to the wild type cells (Figure 5.6) (Nimmanon, 2016). 

 

Decreased cytoplasmic zinc in the knockout cell line could be due to the lack of 

ZIP6, since it is one of the main zinc importers on the plasma membrane (Taylor et al., 

2003) and ZIP6 is required to influx zinc at the beginning of mitosis (Taylor et al, 

unpublished). The decrease of zinc in the ZIP6 knockout cell model could also explain 

why these cells had a reduced cell growth rate in comparison to the corresponding wild 

type (Figure 5.1). 
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Figure 5.5 NMuMg ZIP6 ko cells have a reduced level of cytoplasmic zinc. 
A. NMuMg wild type and ZIP6 ko cells were stained with Fluozin-3. FACS analysis was performed and the 
data are shown in an overlay histogram. 
B. Total cell fluorescence is expressed as geometric mean fluorescence and it is shown in a bar graph as 
mean values of n=3 ± SEM (standard error of mean). Statistical significance is shown as * (p<0.05).  
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Figure 5.6 Fluozin-3 zinc dye indicates lower cytoplasmic zinc levels in the NMuMg ZIP6 ko cells. 
NMuMg wild type and ZIP6 knockout cells were stained with Fluozin-3 and fixed in 3.7% formaldehyde. 
The nuclei were stained with DAPI and mounted onto slides. Pictures were acquired using a 63x oil lens 
Leica DMIRE2 microscope. Scale bar: 10 µm. Courtesy of Thirayost Nimmanon.  
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5.3.4.1 Investigation of cyclin protein levels in ZIP6 ko cells 
The results gained so far in this chapter demonstrate that the lack of ZIP6 in the 

ZIP6 knockout cell model leads to reduced cell growth rate, upregulation of ZIP10 and 

reduced levels of cytoplasmic zinc. A previous paper showed that cyclins expression is 

significantly decreased in zinc deficient cells (Chesters & Petrie, 1999). Since zinc was 

discovered to be involved in the expression of cyclins, it was intriguing to see whether 

the decreased level of cytoplasmic zinc discovered in the ZIP6 knockout cell line had an 

impact on the protein levels of cyclins. 

 

The analysis of the cyclins in the NMuMg cells was performed on both wild type 

and knockout cells by western blotting. Moreover, considering the important role 

played by ZIP6 and ZIP10 in the regulation of mitosis (Taylor et al, unpublished), this 

experiment was carried out with or without nocodazole to detect any difference in the 

cyclin levels when cells were synchronised in mitosis. In these cell lines it was not 

possible to obtain any band on western blotting for the cyclin A and B1, but only cyclin 

D1 and E were detected. The lack of signal for cyclin A and B1 is yet to be understood, 

but it may suggest that the levels of these cyclins were too low in these cell lines to be 

identified on western blotting. Analysis of cyclin D1, despite being slightly decreased in 

the ZIP6 knockout cells, revealed no significant difference between the two cell lines 

(Figure 5.7). However, analysis of cyclin E revealed a significant difference between the 

wt and wt + NOC (p<0.01), the wt and ZIP6 knockout model (p<0.001) and between the 

wt and the ZIP6 knockout treated with nocodazole (p<0.01) (Figure 5.7). Since no result 

was found for the cyclin B1, which is the mitotic cyclin, it was not possible to draw any 

conclusion regarding the effect of ZIP6 downregulation on the level of cyclin B1 during 

mitosis. However, the results obtained for cyclin E may suggest that the zinc decrease 

observed in the ZIP6 knockout model may affect the regulation of the S phase of the cell 

cycle, as cyclin E is involved in the progress of cells from G1 to S phase (Lew, Dulić & 

Reed, 1991) (see Figure 1.11). This result would also fit with Figure 5.2, which showed a 

significant decrease in the population of cells in S phase in the ZIP6 knockout model, 

implying a role for ZIP6 in the S phase of the cell cycle. 
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Figure 5.7 NMuMg ZIP6 knockout cells have decreased levels of cyclin E. 
A. NMuMg wild type or ZIP6 knockout cells were treated at 70% confluence with or without 150 nM 
nocodazole for 20 hours. Western blot analysis probed samples for cyclin D1 and cyclin E. 
B. The experiment was performed on three biological replicates and the densitometric data was 
normalised to the results of the b actin. Densitometric analysis was performed showing the mean values 
of n=3 ± SEM (standard error of the mean) as a bar graph. Statistical significance is shown as ** (p<0.01) 
and *** (p<0.001).  
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5.3.5 Effect of ZIP10 downregulation on ZIP6 knockout cells 
Following the discovery of the upregulation of ZIP10 in the ZIP6 knockout cells, 

the investigation moved to analyse what happened to cells when ZIP10 was also 

downregulated. Knockdown of ZIP10 was achieved with ZIP10 siRNA transfection. 

Differently from the CRISPR model, the siRNA experiment provided a transient 

downregulation which was measured after 3 days of transfection. The siRNA experiment 

was carried out by using a pool of 4 siRNAs directed against the mouse sequence of 

ZIP10 (Dharmacon, USA) and with an siRNA control (see Table 2.9). The first analysis 

post-siRNA was performed to check whether the downregulation had been successful 

by probing for the presence of ZIP10. Western blotting analysis revealed that the protein 

level of ZIP10 was reduced by over 50% following ZIP10 siRNA transfection for 72 hours 

(p<0.01) (Figure 5.8-A-B). 

 

 

Figure 5.8 ZIP10 downregulation in ZIP6 ko cells. 
A. The siRNA experiment was performed for 72 hours using a pool of 4 siRNAs directed against the mouse 
sequence of ZIP10 along with an siRNA control (Dharmacon, see details on Table 2.9). The efficacy of siRNA 
was tested by performing a western blot where cells were probed for ZIP10. 
B. The experiment was performed on three biological replicates and the mean of n=3 ± SEM (standard 
error of mean) is indicated as a bar graph. Statistical significance comparing the wild type to the knockout 
cells is shown as ** (p<0.01).  
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Cells which had been downregulated for ZIP10 were then assessed for their cell 

viability. Since ZIP6 and ZIP10 have an important role in the regulation of mitosis and 

cell growth, downregulation of ZIP10 could have an impact on the overall cell viability 

and cell proliferation of this ZIP6 knockout model. The cell viability assay showed that 

knockdown of ZIP10 using siRNA in ZIP6 knockout cells produced a 25% reduction in cell 

viability compared to control siRNA (p<0.01) (Figure 5.9-A). Reduction in cell viability 

consists of reduction of overall cell metabolism and is indicative of decreased cell 

proliferation. Therefore, this result confirmed the importance of ZIP10 for the cell 

viability of the NMuMg ZIP6 knockout cells, highlighting that ZIP10 was essential for the 

growth and correct metabolism of this cell line, especially considering the lack of ZIP6. 

 

Having discovered that the cell viability of the knockout cells was significantly 

reduced following a transient ZIP10 downregulation, it was interesting to investigate 

whether this downregulation had any impact on the ZIP6 knockout cell growth. In Figure 

5.8 it was demonstrated that 72 hours of ZIP10 siRNA transfection reduced the level of 

ZIP10 by over 50%. For this reason, ZIP6 knockout cells were counted for 3 days 

following the ZIP10 siRNA with the aim of assessing whether the downregulation of 

ZIP10 had any further impact on their cell growth. Figure 5.9-B showed that the cell 

growth of NMuMg ZIP6 ko cells following the ZIP10 downregulation was not significantly 

reduced in comparison to the cells which had been transfected with siCON, despite 

showing a decreased growth rate. As it was discovered that the ZIP6 knockout cells 

upregulated ZIP10 to counteract the lack of ZIP6, this data showed that cells could 

recover the ZIP10 protein level post-siRNA. In fact, western blotting analysis revealed a 

slight increase of ZIP10 protein level after the release from the treatment, albeit not at 

a significant level (Figure 5.10). This result implied that ZIP10 was important for the 

growth of this cell line and that these cells counteracted the transient ZIP10 

downregulation by starting to restore ZIP10 protein level post-siRNA (Figure 5.10). It 

could also imply that other proteins may be involved in the regulation of the cell growth 

of this knockout cell line. 
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Figure 5.9 Effect of ZIP10 downregulation in NMuMg ZIP6 ko cells on cell viability and cell growth. 
The experiment was performed for 72 hours using a pool of 4 ZIP10 siRNAs directed against the mouse 
sequence of ZIP10 along with an siRNA control (Dharmacon, see details on Table 2.9). 
A. MTT experiment was performed on NMuMg ZIP6 ko cells ± ZIP10 siRNA and the cell viability was 
measured as OD (540 nm). Cell viability is expressed as percentage of control. The experiment was 
performed on three biological replicates and the mean of n=3 ± SEM (standard error of mean) is indicated 
as a bar graph. Statistical significance comparing the siCON to siZIP10 is shown as ** (p<0.01). 
B. NMuMg ZIP6 ko cells transfected for 72 hours with ZIP10 siRNA or with siCON were transferred and 
seeded into a 24 well-plate and counted for 3 days after 24 hours (day 0). The number of cells counted 
were plotted in a line graph. The experiment was performed on three biological replicates (n=3), but no 
statistical significance was revealed.  
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Figure 5.10 ZIP10 protein level starts recovering post-siRNA. 
A. The siRNA transfection was performed for 72 hours using a pool of 4 ZIP10 siRNAs directed against the 
mouse sequence of ZIP10 or with an siRNA control (Dharmacon, see details on Table 2.9). ZIP10 protein 
level was measured after 3 days post-siRNA. This was compared to the level of ZIP10 in the siCON and 
siZIP10 samples after 72 hours siRNA downregulation. 
B. The experiment was performed on three biological replicates and the mean of n=3 ± SEM (standard 
error of mean) is indicated as a bar graph. Statistical significant is shown as ** (p<0.01).  
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5.4 Discussion 
In the previous chapter it was shown how ZIP6 and ZIP10 play an important role 

in the regulation of mitosis. Most importantly, it was shown how it was possible to 

reduce the cell growth of three cancer cell lines by treating cells with specific N-terminal 

ZIP6 or ZIP10-directed antibodies. This is the first step in trying to understand the 

regulation of mitosis, but also to provide new potential targets for the treatment of 

proliferative diseases such as cancer. However, how the ZIP6-ZIP10 heteromer works is 

not fully understood yet. Thanks to our collaboration with a research group in Canada, 

this investigation was expanded by using a mouse cell line (mouse breast glandular cells) 

that has ZIP6 removed by the CRISPR/Cas9 technique (Brethour et al., 2017). 

 

5.4.1 NMuMg ZIP6 knockout cells display increased ZIP10 protein level 
It was intriguing to discover that the ZIP6 knockout cell line grew at a slower 

growth rate in comparison to the corresponding wild type form, but surprisingly these 

cells were still able to grow despite the lack of ZIP6 (Figure 5.1). This result fits with 

previous cell cycle analysis from our group, showing that the knockout cell line had a 

decreased population of cells in the G2/M phase of the cell cycle but an even smaller 

population of cells in the S phase (Figure 5.2) (Nimmanon, 2016). Therefore, this cell line 

must rely on a different mechanism to carry out mitosis and to adapt to the lack of ZIP6. 

Our group have recently demonstrated that the ZIP6 and ZIP10 zinc transporters act as 

a heteromer (Taylor et al., 2016), but a crystal structure of this heteromer is not yet 

available. However, a recent investigation has discovered that the zinc transporter ZIP4 

acts as a homodimer and this study provided the first crystal structure of the N-terminal 

domain of a ZIP transporter (Zhang, Sui & Hu, 2016). ZIP4 is another member of the LIV-

1 subfamily, and this recent discovery may imply that all the members of the LIV-1 

subfamily share this dimeric structure. This evidence led to the hypothesis that since the 

ZIP6 knockout cells express ZIP10, this transporter could be upregulated in order to 

counteract the lack of ZIP6, by forming a homodimer. This hypothesis was supported by 

data in this current chapter which unveiled that the knockout cells had a significantly 

increased protein level of ZIP10 (Figure 5.3), which could partially compensate for the 

lack of ZIP6. This was an important result as it might suggest that ZIP10 upregulation and 

the potential formation of ZIP10 homodimers in these cells is a mechanism adapted in 

order to influx zinc at the beginning of mitosis. In fact, the presence of a dimeric 
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structure seems to be an important prerequisite for zinc transporters in order to 

transport zinc (reviewed by Kambe et al. 2015). This result was exciting as it suggested 

that the lack of one of the two zinc transporters had an impact on zinc signalling implying 

that the presence of a dimeric structure is a requirement for proper zinc transporters 

function. However, since a crystal structure is not yet available, this cannot be 

confirmed. Alternatively, this finding could suggest that ZIP10 may form a heteromer 

with another ZIP transporter to counteract the lack of ZIP6. In fact, the zinc transporter 

ZIP5 is the closest paralog to ZIP6 and ZIP10 as seen in the phylogenetic tree in Figure 

1.3. Furthermore, ZIP5 shares many similarities with ZIP6 and ZIP10 (Taylor et al., 2007), 

and despite a recent investigation of the ZIP6 interactome revealing that ZIP6 interacts 

with ZIP10 but not ZIP5 (Brethour et al., 2017), the lack of ZIP6 in the ZIP6 knockout 

model could induce the cells to adapt to this condition by utilising ZIP5 to form a dimeric 

structure. This is an important aspect to consider for future investigations. As results 

within this chapter have suggested that the lack of ZIP6 affected the heteromer, the 

hypothesis that another zinc transporter may replace ZIP6 in the formation of a dimeric 

structure on the plasma membrane for proper zinc signalling is not to be excluded. 

Unfortunately, a preliminary assessment of the potential upregulation of ZIP5 on the 

ZIP6 knockout cell line did not provide any clear results and the upregulation of other 

zinc transporters is a feature that needs to be assessed in future work. 

 

5.4.2 A potential role for ZIP6 in the S phase of the cell cycle 
It was intriguing to discover that the ZIP6 model had a significant decrease in the 

population of cells in S phase in comparison to the corresponding wild type cells (Figure 

5.2). Interestingly, cyclin analysis revealed that the knockout cells also had a decreased 

protein level of cyclin E (Figure 5.7), a cyclin which is necessary for the regulation of cells 

from the G1 to S phase of the cell cycle, when DNA synthesis occurs (Lew, Dulić & Reed, 

1991). The first study showing the essential role of zinc in the regulation of the cell cycle 

dates back to the sixties, where it was found that DNA synthesis was arrested when cells 

were treated with metal chelators, and was only restored when zinc, but no other 

metals, was added back (Fujioka & Lieberman, 1964). Since then, zinc has been known 

for its involvement in DNA synthesis as it is required for enzymes such as thymidine 

kinase (Prasad & Oberleas, 1974; Chesters, Petrie & Vint, 1989; Chesters, Petrie & Travis, 

1990). Furthermore, it was demonstrated that during the cell cycle two peaks of zinc 
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were observed: one during early G1 and one during the G1/S phase transition (Li & 

Maret, 2009). ZIP6 is one of the main zinc importers residing on the plasma membrane 

and plays an important role in zinc homeostasis by influxing zinc from the extracellular 

space (Taylor et al., 2003). The results of the current chapter implied a potential role for 

ZIP6 also during the S phase of the cell cycle, as ZIP6 may have a role in transporting the 

zinc necessary for DNA synthesis, something that has not yet been investigated. 

 

5.4.3 ZIP10 is regulated by STAT3 
This investigation discovered that ZIP6 knockout cells had increased protein level 

of pSer727STAT3 in basal conditions (Figure 5.4-C). STAT3 is a transcription factor widely 

known for its role in cell survival and cell migration (Haura, Turkson & Jove, 2005). A 

recent investigation has demonstrated that, similar to that previously discovered for 

ZIP6 (Hogstrand et al., 2013), ZIP10 expression was also regulated by STAT3 (Miyai et al., 

2014). The role of pSer727STAT3 is still controversial in the literature, but it appears to 

play a crucial role in the regulation of cellular growth (Decker & Kovarik, 2000) and cell 

differentiation (Huang et al., 2014). This data may indicate a role for pSer727STAT3 in the 

regulation of the cell growth of this knockout model by regulating ZIP10 expression. ZIP6 

and ZIP10 expression was demonstrated to be interdependent (Brethour et al., 2017), 

but it may be that the key regulator of their role is STAT3. A previous study has 

demonstrated that ZIP10 is involved in B-cell survival (Hojyo et al., 2014) and that ZIP10 

expression is regulated by activation of STAT3, having identified the potential binding 

site of STAT3 to ZIP10 in the proximal region of the human ZIP10 promoter (Miyai et al., 

2014). In fact, although the protein level of pTyr705STAT3 was not significantly increased 

in the current investigation, it showed a similar increase as pSer727STAT3, which could 

suggest that the upregulation of ZIP10 in the ZIP6 knockout cells was regulated by 

activated STAT3. 

 

5.4.4 NMuMg ZIP6 knockout cells have decreased cytoplasmic zinc 
Another important finding of this chapter was the fact that the NMuMg ZIP6 

knockout cells had a significantly decreased amount of intracellular zinc compared to 

the corresponding wild type (Figure 5.5-6). This data was consistent with all the previous 

results, confirming that the slower growth of the ZIP6 knockout model could be 

explained by the decrease of intracellular zinc which is essential for the regulation of the 
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cell cycle and in particular of mitosis (Beyersmann & Haase, 2001). A decrease in 

intracellular zinc has also demonstrated that the NMuMg ZIP6 knockout cells required 

upregulation of ZIP10 in order to cope with the lack of the ZIP6-ZIP10 heteromer. 

However, despite upregulation of ZIP10, this cell line was not able to return its zinc level 

to normal conditions, highlighting the important role of ZIP6 as one of the main zinc 

importers on the plasma membrane (Taylor et al., 2003). Upregulation of ZIP10 raised 

the question of whether ZIP10 could act as a homodimer in the ZIP6 knockout cell model 

or utilise another ZIP transporter such as ZIP5 to form a heteromer to transport zinc 

inside the cells. Furthermore, the discovery of decreased intracellular zinc in the ZIP6 

knockout model and the consequent ZIP10 upregulation supported that found 

previously in the literature. In fact, it was previously demonstrated in both brain and 

liver of zinc-deficient mice that the expression of ZIP10 was significantly increased 

compared to normal mice (Lichten et al., 2011). In addition, ZIP10 expression was 

significantly decreased in conditions of zinc repletion (Lichten et al., 2011), confirming 

that the upregulation of this zinc transporter was a mechanism adopted by cells to 

replenish zinc homeostasis. 

 

5.4.5 Downregulation of ZIP10 in ZIP6 knockout cells decreases cell viability 
Having discovered that the ZIP6 knockout model upregulated ZIP10 in order to 

counteract the lack of ZIP6, it was interesting to investigate what happened to this 

knockout cell line when the expression of ZIP10 was transiently silenced using ZIP10 

siRNA. Analysis of the cell viability of the NMuMg ZIP6 knockout model, where ZIP10 

was transiently downregulated, showed a significant decrease in cell viability (Figure 

5.9-A). This was an exciting result, especially in light of both ZIP6 and ZIP10 having an 

essential role in the regulation of mitosis (Taylor et al, unpublished) and therefore, being 

essential for cell proliferation. This evidence would make them suitable targets for 

treatment of proliferative diseases. This result also supported the data shown in Chapter 

4, as cell treatment with ZIP6 or ZIP10-directed antibodies was able to reduce the 

growth of different cancer cell lines. Cancer cells are characterised by increased cell 

proliferation, which according to our data is sustained by the action of these two zinc 

transporters. In fact, both ZIP6 and ZIP10 were previously described to be overexpressed 

in a variety of different cancer types (Ziliotto, Ogle & Taylor, 2018), such as invasive 

breast cancer or renal cell carcinoma (Mcclelland et al., 1998; Perou et al., 2000; Pal et 
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al., 2014). In addition to their role in cell proliferation, ZIP6 and ZIP10 have also an 

important role in epithelial to mesenchymal transition (Yamashita et al., 2004; 

Hogstrand et al., 2013; Taylor et al., 2016; Brethour et al., 2017), making them suitable 

target for diseases not only characterised by increased cell proliferation but also for 

those which acquire more invasive properties. Nevertheless, the siRNA knockdown of 

ZIP10 performed in this investigation was only a transient downregulation and it was 

shown that the ZIP6 knockout cells started to restore ZIP10 protein level shortly after 

the siRNA was removed (Figure 5.10). This result could also be explained by the evidence 

that the knockout cell line had increased pSer727STAT3 which may regulate the 

expression of ZIP10. However, as previously discussed this result also hinted the 

possibility that another zinc transporter may be upregulated in this cell line in order to 

cope with the downregulation of ZIP6 and ZIP10 and ensure proper cell growth. Taken 

together this data highlighted the importance of ZIP10 in the cell growth of this ZIP6 

knockout model. It would be intriguing to see how a robust downregulation of both ZIP6 

and ZIP10 would affect cells. Unfortunately, this has not yet been possible as it appears 

that the ZIP10 knockdown is lethal. This evidence is exciting as it suggests that ZIP10 

may be the main driver of cell proliferation, as it is essential for cell survival. This 

hypothesis would fit with the data shown in this chapter which has demonstrated that 

a transient ZIP10 downregulation was accompanied by a sudden increase of ZIP10 

protein level, suggesting that ZIP10 expression is immediately restored as essential for 

the cell viability of this cell line. The discovery of ZIP10 being essential in cell survival 

highlights once again how targeting this molecule could be beneficial in the 

management of diseases characterised by increased cell proliferation. 

 

 The investigations in this chapter also revealed that ZIP6 and ZIP10 are 

interdependent, as downregulation of ZIP6 leads to upregulation of ZIP10. This 

confirmed what was shown in a recent paper wherein analysis of the ZIP6 interactome 

revealed ZIP10 being the main interactor of ZIP6 (Brethour et al., 2017). Moreover, the 

decrease of intracellular zinc discovered in the ZIP6 knockout model suggested that the 

heteromer may be a prerequisite for zinc transport. More information on the crystal 

structures of ZIP6 and ZIP10 would help us decipher this mechanism and understand the 

importance of this dimeric structure in the regulation of their function. The discovery of 
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the first crystal structure of a member of the ZIP family (Zhang, Sui & Hu, 2016) has 

brought an exciting insight to an area of zinc biology that now needs to be expanded. 

 

 The discovery of the importance of ZIP6 in the regulation of mitosis and 

potentially the S phase of the cell cycle has provided a fruitful area for future research 

in this field. Knowing that downregulation of ZIP6 affected cell growth makes both ZIP6 

and ZIP10 important targets for therapy in the treatment of proliferative diseases such 

as cancer. These results taken together with those demonstrated in Chapter 4 can be 

used to expand the use of a targeted ZIP6 antibody in immunotherapy, that now needs 

to move towards animal work before it can be tested in the clinic. 

 

5.5 Chapter summary 
 This chapter expanded the previous finding that ZIP6 and ZIP10 are important in 

regulating cell division, as they are required to provide the zinc influx to trigger mitosis 

(Taylor et al, unpublished). The examination of a ZIP6 knockout cell model revealed that 

when ZIP6 was downregulated in cells, cells adapted to this condition by upregulating 

ZIP10, confirming the interdependency of these two zinc transporters. The 

downregulation of ZIP6 affected not only the growth of these cells, but also dramatically 

reduced the level of intracellular zinc. It was argued that the presence of the ZIP6-ZIP10 

heteromer on the plasma membrane was an essential requirement for zinc transport 

and raised the question of whether ZIP10 forms a homodimer in order to counteract the 

lack of ZIP6 or form a heteromer with another ZIP transporter. Zinc is essential in the 

regulation of the cell cycle and these findings highlight the particular importance of ZIP6 

in controlling this mechanism. Taken together this chapter confirmed once again the 

potential role of ZIP6 and ZIP10 as novel targets for the treatment of cancer and other 

proliferative diseases.
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6 INVESTIGATION OF POST-TRANSLATIONAL MODIFICATION OF 
ZIP6  
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6.1 Introduction 
It is only recently that information regarding the ZIP family of zinc transporters 

has emerged. Each ZIP transporter plays a different role in zinc homeostasis in the 

human body and they are all assumed to be regulated by different mechanisms 

(reviewed by Kambe et al. 2015). However, it seems that a common feature combines 

them all: phosphorylation. Phosphorylation is a common regulatory mechanism of a 

variety of signalling pathways in the human body and it is also essential in driving the 

cell cycle through the action of cyclin-dependant kinases (CDKs) (Dephoure et al., 2008). 

Moreover, our group have discovered that the activation of ZIP7 requires 

phosphorylation by CK2 on two serine residues on the cytoplasmic loop between TM III 

and TM IV (Taylor et al., 2012). This phosphorylation was revealed to be an essential 

requirement for its activation and consequently in driving the several downstream 

pathways activated by the ZIP7-mediated zinc release into the cytoplasm (Nimmanon et 

al., 2017). As seen in the alignment of the ZIP family (Figure 1.4), the LIV-1 subfamily 

represents the biggest subgroup and the close correlation between its members 

indicated by the phylogenetic tree (Figure 1.3) suggests the possibility that they all may 

require phosphorylation in order to be activated. Whether ZIP6 and ZIP10 are regulated 

by the same mechanism is yet to be discovered, but in light of the crucial role of 

phosphorylation in mitosis (Dephoure et al., 2008) and ZIP6/ZIP10 in the regulation of 

the cell cycle (Taylor et al, unpublished), this is an area of study that may help us 

decipher how ZIP6 and ZIP10 are regulated and trigger mitosis. 

 

ZIP6 protein is also regulated by proteolytic cleavage. ZIP6 was discovered to be 

expressed as a pro-protein in the endoplasmic reticulum where it was seen to undergo 

a proteolytic cleavage before its relocation to the plasma membrane for its role as a zinc 

importer (Hogstrand et al., 2013). It was also discovered that ZIP6 was cleaved on its N-

terminal domain also at an early stage of mitosis, highlighting the importance of 

cleavage as a potential on/off switch for the regulation of mitosis (Nimmanon, 2016). 

Moreover, it was shown by protease array that several proteases may be involved in the 

ZIP6 cleavage. In particular, it was demonstrated that the best candidate protease in the 

cleavage of ZIP6 during mitosis was presenilin (Nimmanon, 2016), a protease which has 

a widely known role in neurodegenerative diseases, such as Alzheimer’s disease 

(Micchelli et al., 2002). While ZIP10 was previously shown to undergo a proteolytic 
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cleavage in zinc starvation conditions (Ehsani et al., 2012), a potential cleavage of ZIP10 

after mitosis has not been investigated yet. However, since ZIP6 and ZIP10 were found 

to be interdependent of each other (Brethour et al., 2017), it may suggest that they both 

require a similar regulation which now needs to be studied. 

 

The investigation of potential phosphorylation and the effect of using protease 

inhibitors in the study of ZIP6 proteolytic cleavage would be beneficial in helping us 

dissect how these zinc transporters are activated and regulated, but also to decipher the 

mechanism by which ZIP6 and ZIP10 trigger mitosis. 

 

6.1.1 Aims and objectives 
Considering the importance of phosphorylation and proteolytic cleavage in the 

regulation of the members of the LIV-1 subfamily of ZIP transporter, the aim of this 

chapter was to investigate potential phosphorylation sites and proteolytic cleavages of 

ZIP6. Therefore, the objectives of the following chapter were: 

1. To use several online database to investigate potential phosphorylation 

sites and potential cleavage of ZIP6; 

2. To use specific ZIP6 mutants to study potential phosphorylation sites of 

ZIP6 by combining different techniques; 

3. To investigate the potential of presenilin being involved with the cleavage 

of ZIP6 by assessing the effect of a presenilin inhibitor on ZIP6 cleavage. 

 

6.2 Materials and methods 
 The prediction of potential phosphorylation sites and proteolytic cleavages of 

ZIP6 and ZIP10 used several website tools as shown in Table 6.1. 

Potential phosphorylation sites were investigated in ZIP6 using specific ZIP6 mutants 

that had a serine or tyrosine residue modified to an alanine in order to obtain a phospho-

null mutant. Site-directed mutagenesis was performed by Mutagenex (USA) and the 

mutations were checked by DNA sequencing (Figure 6.1). 

These mutants were transfected into NMuMg ZIP6 knockout cells to investigate 

potential phosphorylation sites of ZIP6. Furthermore, to better characterise the 

likelihood of ZIP6 phosphorylation, different kinase inhibitors were used. These 

consisted of a CK2 inhibitor called CX-4945 (10 µM) and a Src inhibitor called AZD0530 
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(1 µM) that were used to treat transfected cells for 1 hour prior to harvesting. Several 

molecular biology techniques were used to analyse these ZIP6 mutants such as western 

blot, immunofluorescence and immunoprecipitation (see details in Chapter 2). The 

potential of a specific kinase to phosphorylate ZIP6 was analysed by proximity ligation 

assay (see section 2.12). 

 

The study of the potential of presenilin to be involved with the cleavage of ZIP6 

was performed by treating cells with a presenilin inhibitor called DAPT at 10 µM for 

20 hours and this was investigated only by western blot. For more details about the 

methods refer to Chapter 2. 

 

Phosphorylation data Reference 

PHOSIDA (Max Planck Institute of 

Biochemistry) 

(Gnad, Gunawardena & Mann, 2011) 

PhosphoNET (Kinexus Bioinformatics 

Corporation) 

- 

NetPhorest 2.1 (University of 

Copenhagen) 

(Horn et al., 2014) 

PhosphoSitePlusÒ (PSP) (Hornbeck et al., 2015) 

NetPhos 3.1 (Blom et al., 2004) 

ELM (Dinkel et al., 2016) 

Proteolytic cleavage Reference 

epestfind (EMBOSS explorer) (Rogers, Wells & Rechsteiner, 1986) 

ELM (Dinkel et al., 2016) 

 
Table 6.1 Online databases used for the phosphorylation and proteolytic cleavage investigation. 
These databases were available from: 
-PHOSIDA: http://141.61.102.18/phosida/index.aspx 
-PhosphoNET: http://www.phosphonet.ca/ 
-NetPhorest 2.1: http://www.netphorest.info/ 
-PhosphoSitePlusÒ: https://www.phosphosite.org/homeAction.action 
-NetPhos 3.1: http://www.cbs.dtu.dk/services/NetPhos/ 
-epestfind: http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind 
-ELM: http://elm.eu.org/  
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Figure 6.1 DNA sequencing of ZIP6 mutants. 
A. The table shows the DNA sequences of the ZIP6 mutants that were used in the following investigations 
and that were created by site-directed mutagenesis. 
B. The schematic shows that the individual serine (codon TCC, TCA) or tyrosine (codon TAT, TAC) at the 
potential phosphorylation site were correctly substituted for an alanine (codon GCC, GCT, GCA).  

Construct Wild-type DNA 
sequence

Mutant DNA sequence

ZIP6 S471A CAGTTGTCCAAGTAT CAGTTGgCCAAGTAT
ZIP6 S478A CAACTTTCAACAAAT CAACTTgCAACAAAT
ZIP6 Y528A GAAGTCTACAATGAA GAAGTCgcCAATGAA
ZIP6 Y531A AATGAATATGTACCC AATGAAgcTGTACCC

ZIP6 Y528A/Y531A GTCTACAATGAATAT GTCgcCAATGAAgcT

ZIP6 S471A ZIP6 S478A
CAGTTGTCCAAGTAT

CAGTTGgCCAAGTAT

CAACTTTCAACAAAT

CAACTTgCAACAAAT

ZIP6 Y528A
GAAGTCTACAATGAA

GAAGTCgcCAATGAA

ZIP6 Y531A
AATGAATATGTACCC

AATGAAgcTGTACCC

ZIP6 Y528A/Y531A
GTCTACAATGAATAT

GTCgcCAATGAAgcT

A.

B.
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6.3 Results 
6.3.1 Investigation of ZIP6 phosphorylation 

6.3.1.1 Prediction of potential phosphorylation sites 
The analysis of predicted phosphorylation sites for ZIP6 revealed that the region 

with the highest probability of phosphorylation was the long cytoplasmic loop between 

TM III and TM IV (Figure 6.2) as seen for ZIP7. In order to narrow the number of 

predicted sites down to a realistic number, only sites with more than one prediction 

from mass spectrometry data were included (Figure 6.2). This investigation was focused 

on serine and tyrosine phosphorylation. While phosphorylation on serine residues 

accounts for over 80% of proteins (Nishi, Hashimoto & Panchenko, 2011) and it was 

demonstrated essential for the activation of ZIP7 (Taylor et al., 2012), tyrosine 

phosphorylation was studied in light of the role of zinc in the inhibition of tyrosine 

phosphatases (Haase & Maret, 2003). 

 

This approach led to the selection of four sites on the long cytoplasmic loop for 

ZIP6 having a high prediction score from data from whole genome phosphoscreen mass 

spectrometry and highest number of reference according to PhosphoSitePlusÒ 

(Hornbeck et al., 2015). These sites corresponded to serine S471 and S478 and tyrosine 

Y528 and Y531 (Figure 6.2, highlighted in bold). In order to study these four potential 

phosphorylation sites of ZIP6, ZIP6 mutants of these residues were used for 

investigations and transfected into cells in order to overexpress ZIP6 and compare them 

to wild type (Figure 6.1). Interestingly, the analysis of the potential kinases involved in 

the phosphorylation of these residues revealed that the serine residue 478 was 

predicted to be phosphorylated by CK2, the same kinase responsible for the activation 

of ZIP7 (Figure 6.2) (Taylor et al., 2012). The serine residue 471 was predicted to be 

phosphorylated by either the PAK or GSK3b kinases (Figure 6.2). Conversely, both the 

two tyrosine residues Y528 and Y531 were predicted to be phosphorylated by the Src 

group of kinases (Figure 6.2). This was an exciting result, as tyrosine phosphorylation 

has never been demonstrated in the ZIP family of zinc transporters before. Interestingly, 

all these kinases share a similar role in the regulation of the cell cycle, and in particular 

are involved in mitosis, which will be discussed in more detail later in this chapter. The 

most striking result discovered from the phosphorylation prediction analysis was the 
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possibility of kinase CK2 phosphorylating ZIP6 at residue S478. Therefore, the following 

analysis started from the investigation of this kinase. 

 
Figure 6.2 Predicted phosphorylation sites for ZIP6 in the cytoplasmic loop between TM III and TM IV. 
The sequence of ZIP6 was retrieved on the NCBI database in FASTA format. The analysis was performed 
using several phosphorylation site databases such as Phosphonet (Kinexus Bioinformatics Corporation), 
NetPhorest 2.1 (University of Copenhagen) and PhosphoSitePlusÒ (PSP) (see methods section for 
reference). ZIP6 was predicted to have several potential phosphorylation sites, but in particular the ones 
highlighted in bold were the ones which had the highest scores of predictions according to mass 
spectrometry data, hence more likely to be real. The kinase predicted to be responsible for the 
phosphorylation on each site is indicated on the table.  

ZIP6 I II III IV V VI VII VIII

C-terminal

Cytoplasm

N-terminal

Residue Predicted kinase
ZIP6 S471 PAK or GSK3β group

ZIP6 S475 ATM/ATR group

ZIP6 S478 CK2

ZIP6 Y493 MAP2K

ZIP6 Y528 Src group

ZIP6 Y531 Src group

ZIP6 S583 PKA

ZIP6

Extracellular 
space
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6.3.1.2 Investigating the potential of CK2 binding to ZIP6 
The best method to assess whether CK2 was bound to ZIP6 was assessed to be 

proximity ligation assay. This technique allows detection of binding of two proteins up 

to 40 nm apart from one other and could therefore give us information about proteins 

which may be bound to each other. Moreover, as ZIP6 was discovered to be involved in 

the regulation of mitosis (Taylor et al, unpublished), it was interesting to analyse 

whether the two proteins bound to each other during mitosis.  

 

Figure 6.3 confirmed that CK2 was binding ZIP6 as hypothesised, showing an 

average of 6 signals per cell (p<0.05), which was double the number of the negative 

control of CK2 or ZIP6 alone which only gave an average of 3 signals per cell (Figure 6.3-

B). A more in-depth analysis revealed that CK2 bound ZIP6, particularly in mitotic cells 

(Figure 6.3-C). In fact, while non-mitotic cells showed an average of 2 signals per cell, 

the binding of CK2 to ZIP6 in mitotic cells revealed an average of 6 signals per cell 

(p<0.01). This result was also confirmed by another student working in our lab under my 

supervision. This was an exciting result, especially in light of the important role of ZIP6 

during mitosis, which also corroborated the possibility of CK2 being responsible for the 

phosphorylation of ZIP6. As seen for ZIP7 in the past where CK2 phosphorylation was 

found to be essential for the activation of this zinc transporter (Taylor et al., 2012), this 

result could suggest that CK2 was involved in the on/off switch mechanism of ZIP6 

during mitosis which is not known yet. 
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Figure 6.3 CK2 binds ZIP6 during mitosis. 
A. MCF-7 cells were seeded in an 8-well chamber slide and treated at 70% confluence with 150 nM 
nocodazole for 20 hours. Cells were then fixed and probed for proximity ligation assay using anti-CK2 
antibody ± anti-ZIP6 antibody, comparing to controls using either of the antibodies alone. Mitotic cells are 
indicated by white arrows. 
B-C. Quantitative measurements were performed on at least 6 pictures of 25 stacks taken 0.3 µm apart. 
The graph shows the count of dots for both control and the antibodies together and a more in depth 
analysis of cells during mitosis. The experiment was performed on three biological replicates (n=3) and 
statistical significance is shown as * (p<0.05), or ** (p<0.01).  
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6.3.1.3 Analysis of ZIP6 phosphorylation by transfection of ZIP6 mutant in ko cells 
model 

In order to investigate phosphorylation of ZIP6, the ZIP6 knockout cell line was 

used with ZIP6 wild type or ZIP6 mutants transfected back. The ZIP6 mutants were all 

potentially phospho-null mutants, having had the relevant residue mutated to an 

alanine (Figure 6.1). This strategy would allow a more accurate investigation of potential 

ZIP6 phosphorylation sites, as previous transfection of these mutants in MCF-7 gave 

results of the endogenous ZIP6 as well as recombinant ZIP6. On the contrary, 

transfection of ZIP6 mutants in the ZIP6 knockout cell line only provided results of 

recombinant ZIP6, since no endogenous ZIP6 was present. 

 

As the ZIP6 mutant sequences available in our group corresponded to the ZIP6 

human sequence, the first analysis aimed to assess whether a transfection of human 

ZIP6 into mouse cells was possible. There was already precedence for human ZIPs having 

the ability to replace mouse sequences (Liuzzi & Cousins, 2004). Moreover, as shown in 

the alignment in Figure 6.4, the mouse sequence of ZIP6 was confirmed to be very 

similar to the human sequence, with the sites chosen for the phosphorylation analysis 

being conserved also in the mouse species. Conservation of residues suggests an 

importance to ZIP6 function.  

 

Results shown in Figure 6.5 confirmed that the transfection of human 

recombinant ZIP6 into ZIP6 knockout cells was successful. This was detected by presence 

of V5 staining both in immunofluorescence and western blotting (Figure 6.5-B-C). The 

V5 tag was inserted in the recombinant DNA sequence to allow distinction from the 

endogenous protein (Figure 6.5-A). Western blotting analysis showed that the non-

targeting sample (lipid only) compared to ZIP6 wild type transfected in NMuMg ZIP6 

knockout cells showed no V5 band as no recombinant ZIP6 was present in that sample 

in comparison to those transfected with the ZIP6 wild type (Figure 6.5-B). This result 

confirmed the suitability of the use of our ZIP6 recombinant mutants in the ZIP6 

knockout cells and allowed the perpetuation of the next investigation. Similarly, 

immunofluorescence analysis showed the presence of recombinant ZIP6 wild type in 

NMuMg ZIP6 knockout cells as indicated by the presence of V5 staining (Figure 6.5-C). 
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Figure 6.4 Mouse ZIP6 vs human ZIP6 alignment. 
The mouse (mZIP6) and human (hZIP6) sequence of ZIP6 were retrieved on NCBI database with FASTA 
format and aligned using the ClustalW alignment tool (Larkin et al., 2007). The aligned sequences were 
shaded using the Boxshade program (Swiss Institute of Bioinformatics). The black and grey colours 
represent at least 70% identical or complementary residues, respectively. The ZIP6 human residues S471, 
S478, Y528 and Y531 were highlighted to show they are conserved between the human and mouse species. 
These were chosen as they had the highest number of references from mass spectrometry data. The kinase 
predicted to be involved in their phosphorylation is also shown.  
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Figure 6.5 Recombinant human ZIP6 can be successfully transfected in NMuMg ZIP6 ko cells. 
A. Schematic showing that the V5 tag is inserted at the C-terminus of the recombinant ZIP6 DNA sequence. 
The V5 tag corresponds to a molecular weight of 5 kDa. Full length ZIP6 corresponds to 103 kDa. 
B. NMuMg ZIP6 ko cells were transfected at 70% confluence with recombinant hZIP6 wild type together 
with non-targeting control (lipid only). Samples for western blotting were prepared and analysed by 
probing for V5 and GAPDH. The V5 band is only present in the recombinant sample but not in the non-
targeting control. 
C. NMuMg ZIP6 ko cells were transfected at 70% confluence with recombinant hZIP6 wild type. Cells were 
probed for V5 (red) and the nuclei counterstained with DAPI (blue). The pictures were taken on a Leica 63x 
oil immersion Leica DMIRE2 microscope and each picture is representative of one field of view of n=6. Scale 
bar: 10 µm.  
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6.3.1.4 Investigating the phosphorylation of ZIP6 on serine residue 478 
Having confirmed the suitability of transfecting human recombinant ZIP6 into 

the mouse ZIP6 knockout cells, the investigation of potential phosphorylation sites was 

carried out by confirming whether the ZIP6 serine residue 478 was phosphorylated. In 

order to do so, a preliminary experiment was performed by immunoprecipitation. The 

ZIP6 S478A mutant (Figure 6.1) was used in comparison to ZIP6 wild type in order to 

assess the serine phosphorylation on that residue. These mutants were transfected into 

NMuMg ZIP6 knockout cells in the presence of nocodazole and then the lysates 

harvested and immunoprecipated with V5. The cells were treated with nocodazole as 

the previous result revealed that CK2 bound ZIP6 in particular in mitosis (Figure 6.3) and 

previous investigations confirmed that nocodazole did not affect the transfection. 

Moreover, ZIP6 was known to be overexpressed in mitosis (Taylor et al, unpublished). 

Similarly to ZIP6 wild type, the S478A mutant also had a V5 tag inserted at the C-

terminus of the recombinant DNA sequence (Figure 6.6-A). The immunoprecipated 

samples were probed for phosphoserine, but also for V5 in order to check whether the 

samples had been successfully immunoprecipitated. 

 

Figure 6.6 shows that the wild type and ZIP6 S478A mutant were successfully 

transfected in the NMuMg ZIP6 knockout cells, as shown by the several bands found for 

the membrane probed for V5 (Figure 6.6-B). In particular, the blot probed for V5 showed 

a band at 108 kDa and one at 73 kDa which corresponded to the usual 103 and 68 kDa 

bands which are normally found for ZIP6 (Hogstrand et al., 2013) (Figure 6.6-A). The 

extra 5 kDa is due to the V5 tag which is embedded in the recombinant protein sequence 

(Elomaa et al., 2001) (Figure 6.6-A). Unfortunately, the 73 kDa band of the membrane 

probed for V5 could not be seen properly in the blot as it was covered by the strong 

signal of the heavy chain of the antibody which is typical of immunoprecipitation. This 

did not allow proper assessment of the protein and therefore densitometric analysis of 

this band was not possible. Nevertheless, it was worth noticing that the band for 

phosphoserine at 73 kDa looked decreased in the ZIP6 S478A mutant, suggesting the 

potential for this residue to be phosphorylated (Figure 6.6-B). Moreover, further bands 

for V5 at 35 and 42 kDa were found, which have not been investigated before. However, 

it was previously demonstrated that ZIP6 undergoes a proteolytic cleavage before its 

relocation to the plasma membrane (Hogstrand et al., 2013), and it was also found that 
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ZIP6 has other potential predicted proteolytic cleavages which will be discussed later in 

this chapter. Since V5 is embedded in the DNA sequence after the C-terminal domain 

(Figure 6.6-A), the presence of these lower V5 bands on the blot might be indicative of 

a proteolytic cleavage which comprises the last few transmembrane domains of ZIP6, 

including the C-terminal domain with the V5 tag. 

 

Furthermore, it was important to notice that the V5 band at 35 kDa was at the 

same size as the band seen for the blot probed with phosphoserine (Figure 6.6-B). 

Densitometric analysis of this band revealed a slight decrease of phosphoserine level in 

the ZIP6 mutant when compared to the wild type, albeit not significant (Figure 6.6-C). 

Since the 35 kDa band may be indicative of a proteolytic cleavage of ZIP6, it was not 

known whether this cleavage includes the residue S478, which occurs in the long 

cytoplasmic loop between TM III and TM IV. Therefore, this result did not rule out the 

possibility of ZIP6 being phosphorylated at residue S478. Moreover, the evidence that a 

band for phosphoserine was also displayed for the mutant suggested that ZIP6 may be 

phosphorylated on multiple sites, as predicted in Figure 6.1. For this reason, residue 

S471 was also tested in the next investigation, even though it was discovered to have a 

lower number of prediction from mass spectrometry analysis according to data from 

PhosphoSitePlusÒ (Hornbeck et al., 2015). 
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Figure 6.6 ZIP6 may undergo several proteolytic cleavages and be phosphorylated on multiple serine 
residues. 
A. Schematic showing the bands originated by ZIP6 proteolytic cleavage with their correspondent 
molecular weight (Hogstrand et al., 2013). The V5 antibody can only bind to the 103 and 68 kDa bands. 
B. NMuMg ZIP6 ko cells were transfected with recombinant ZIP6 wild type and ZIP6 S478 in the presence 
of nocodazole for 18 hours. Samples were harvested and immunoprecipated with anti-V5 antibody. 
Immunoblotting was performed probing for V5 and phosphoserine.  
C. Quantitative analysis for the 35 kDa was performed by normalisation of phosphoserine to V5 and it is 
shown as a bar graph of n=3 ± SEM (standard error of the mean). Statistical analysis was performed but 
did not reveal any significance.  
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6.3.1.5 Investigation of serine ZIP6 phosphorylation by using a CK2 kinase inhibitor 
Data has so far demonstrated that ZIP6 was bound to CK2, and therefore that 

CK2 could be involved in the phosphorylation of ZIP6. Another strategy to investigate 

the potential of residue S478 to be phosphorylated by CK2 was to use a CK2 inhibitor 

called CX-4945 (Siddiqui-Jain et al., 2010). Cells that were transfected with ZIP6 wild type 

and ZIP6 mutants were treated with this CK2 inhibitor in order to assess any effect on 

serine phosphorylation. Since previous results with immunoprecipitation suggested the 

possibility of ZIP6 being phosphorylated on multiple sites (Figure 6.6), as supported by 

analysis of potential phosphorylation sites (Figure 6.1), the following investigation also 

included the residue S471A. Since the ZIP6 S471A mutant bore no mutation at S478, the 

comparison of these mutants could be useful to assess the potential of ZIP6 to be 

phosphorylated on S478 or on multiple sites. NMuMg ZIP6 knockout cells were 

transfected with ZIP6 wild type, the S471A and S478A mutants in the presence of 

nocodazole, considering that CK2 binds ZIP6 in mitosis (Figure 6.3). 

 

The overall aim of this experiment was to assess the effect of the CK2 inhibitor 

on the phosphorylation of ZIP6 and to compare this between the different ZIP6 mutants. 

As shown in Figure 6.7, the blot revealed a unique V5 band at around 108 kDa, which fit 

with the full size of ZIP6 at 103 kDa (see Figure 6.5-A). The phosphoserine blot showed 

several bands, which were typical of this antibody. The phosphoserine antibody could 

recognise all the proteins that were phosphorylated on serine residues, and it was not 

as specific as the V5 antibody which only recognised the recombinant proteins (Figure 

6.7-A). As the aim of this experiment was to look at ZIP6 phosphorylation, only the band 

which colocalised with V5 was analysed, as this was corresponding to recombinant ZIP6. 

Analysis of serine phosphorylation on recombinant ZIP6 did not reveal any significance 

across the different samples (Figure 6.7 A-B). Moreover, the use of the CK2 inhibitor did 

not affect the serine phosphorylation of neither the wild type form of ZIP6, nor the ZIP6 

mutants. This result implied that ZIP6 may be phosphorylated on multiple serine 

residues. Additionally, while it was possible to confirm the binding of ZIP6 with CK2 with 

proximity ligation assay (Figure 6.3), this experiment did not rule out the possibility of 

ZIP6 being phosphorylated by other kinases. 
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However, it was interesting to notice in Figure 6.7-A a strong phosphoserine 

band at 68 kDa. Since no V5 band was detected at this molecular size, this could not be 

corresponding to recombinant ZIP6, but it represented serine phosphorylation of 

endogenous proteins. As seen in Chapter 5, the ZIP6 knockout cells upregulated ZIP10 

and that 68 kDa band could correspond to endogenous ZIP10. Although densitometric 

analysis of the serine phosphorylation of these endogenous proteins did not reveal any 

significant difference across the samples (Figure 6.7-C), it did show a slight decrease in 

the CK2 treated samples. If that 68 kDa band corresponded to endogenous ZIP10, it 

would imply that the use of the CK2 inhibitor may have had an effect in the overall 

phosphorylation of ZIP10 (Figure 6.7-C). 
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Figure 6.7 ZIP6 could be phosphorylated on multiple serine residues. 
A. NMuMg ZIP6 ko cells were transfected with ZIP6 wild type and ZIP6 serine mutants in the presence of 
150 nM nocodazole. Samples were treated with 10 µM CK2 inhibitor (CX-4945) an hour before harvesting.  
B-C. Samples were probed for V5 and phosphoserine. The experiment was performed on three biological 
replicates. The densitometric analysis was carried out by normalisation of the densitometry of 
phosphoserine to V5 for the 108 kDa band or GAPDH for the 68 kDa band and is shown as a graph of n=3 
± SEM (standard error of mean). Statistical analysis was performed but did not reveal any significance.  
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6.3.1.6 Investigation of ZIP6 tyrosine phosphorylation by using a Src kinase inhibitor 
The investigation of tyrosine phosphorylation in ZIP transporters was 

unprecedented, but it was promising in light of the important role of zinc on tyrosine 

kinase signalling (Fukada et al., 2011). Previous studies demonstrated how zinc is 

involved in the activation of several tyrosine kinases pathways mediated by the ability 

of zinc to inhibit tyrosine phosphatases (Haase & Maret, 2003). Whether this has any 

implication with the activation of ZIP6 is yet to be defined. In a previous paper it was 

found that the zinc transporter ZIP7 was a crucial hub for the release of zinc to the 

cytoplasm and its consequent tyrosine phosphatase inhibition (Hogstrand et al., 2009). 

It would be intriguing to investigate whether this ZIP7-mediated zinc release had any 

association with the tyrosine phosphorylation of ZIP6. According to data from 

PhosphoSitePlusÒ (Hornbeck et al., 2015) the tyrosine residues which displayed the 

highest number of reference from mass spectrometry data were Y528 and Y531. These 

two tyrosine residues were predicted to be phosphorylated by the Src family of kinases. 

Src was identified as a kinase with implications as an oncogene in cell adhesion and cell 

migration (Parsons & Parsons, 2004). In addition to its role in migration, gene 

transcription and immune response, this kinase was also discovered to have a role in the 

regulation of the cell cycle. It is for this reason that the investigation of tyrosine 

phosphorylation was performed by using a Src inhibitor called AZD0530 (Sarcatinib), 

which was used on NMuMg ZIP6 knockout cells transfected with ZIP6 wild type and ZIP6 

Y528A and Y531A mutants. This time a further mutant was used which bore a double 

mutation. Since the residue Y528 is in close proximity to the residue Y531, our group 

had a phospho-null mutant made for both residues (Y528A/Y531A) (Figure 6.1). 

 

Results in Figure 6.8-A revealed a unique band at 108 kDa for V5, corresponding 

to the full length of ZIP6 (103 kDa) plus the 5 kDa size of the V5 tag. Similar to what was 

seen in Figure 6.7 for the phosphoserine antibody, the phosphotyrosine antibody could 

recognise all of the proteins which were phosphorylated on tyrosine residues, and 

therefore the blot showed many bands at different molecular sizes (Figure 6.8-A). 

However, only the band at the same size of V5 was considered for this investigation, as 

corresponding to recombinant ZIP6. The phosphotyrosine investigation did not reveal 

any significant difference between the ZIP6 wild type and the different mutants (Figure 

6.8-B). Nevertheless, it was worth noticing that the sample bearing the double tyrosine 
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mutation and treated with the Src inhibitor showed a slight decrease of tyrosine 

phosphorylation in comparison to the wild type ZIP6, hinting a potential role for Src in 

the phosphorylation of ZIP6 in residues other than Y528 or Y531. However, this decrease 

was not significant. Although Src kinase was not verified to be involved with the 

phosphorylation of ZIP6, this result did not rule out the possibility of ZIP6 being 

phosphorylated by other kinases not only on Y528 and Y531 but also on different 

tyrosine residues. 

 

These results altogether provided important insights into the study of ZIP6 serine 

and tyrosine phosphorylation. However, this was only the beginning of an investigation 

that now needs to be further explored by combining different techniques and kinases 

inhibitors. Nevertheless, it has suggested the possibility of protein kinase CK2 in the 

regulation of post-translation modifications of ZIP6 and potentially ZIP10. 
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Figure 6.8 ZIP6 could be phosphorylated on multiple tyrosine residues. 
A. NMuMg ZIP6 ko cells were transfected with ZIP6 wild type and ZIP6 tyrosine mutants in the presence of 
150 nM nocodazole. Samples were treated with 1 µM Src inhibitor (AZD0530) an hour before harvesting 
and probed with anti-V5 antibody and anti-phosphotyrosine antibody. 
B. The experiment was performed on three biological replicates. Densitometric analysis was carried out by 
normalisation of the densitometry of phosphotyrosine to V5 and is shown as a bar graph of n=3 ± SEM 
(standard error of mean). Statistical analysis was performed but did not reveal any significance.  
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6.3.2 ZIP6 proteolytic cleavages and its role in ZIP6 function 

6.3.2.1 Pest cleavage sites of ZIP6 and ZIP10 
 ZIP6 was discovered to be expressed as a pro-protein in the endoplasmic 

reticulum before undergoing a PEST-site proteolytic cleavage which was followed by its 

relocation to the plasma membrane (Hogstrand et al., 2013). Once on the plasma 

membrane, ZIP6 can finally function as a zinc transporter and influx zinc to trigger 

mitosis (Taylor et al, unpublished). 

 

Similar to ZIP6, ZIP10 was also predicted to have a potential PEST cleavage site 

on its N-terminal domain (Figure 6.9). Moreover, analysis of proteolytic cleavage of 

ZIP10 revealed the potential of a second PEST cleavage site on the long intracellular loop 

between transmembrane III and IV, which was unprecedented amongst zinc 

transporters (Figure 6.9). Whether this was indicative of a degradation cleavage to stop 

the protein function is yet to be proved. As shown in Figure 6.9, ZIP6 was also predicted 

to have a second proteolytic cleavage similar to ZIP10, but it did not reach the threshold 

for a reliable prediction and was therefore unlikely to be important. Nevertheless, it was 

interesting to take this into consideration, especially in light of the close correlation and 

similarity between ZIP6 and ZIP10. Moreover, this proteolytic intracellular loop cleavage 

may explain the 35 kDa band seen in Figure 6.6. A 35 kDa band for ZIP6 was normally 

seen as a result of the PEST cleavage site of the N-terminal domain (Hogstrand et al., 

2013). However, the 35 kDa band seen in Figure 6.6 could not correspond to the N-

terminal cleavage, as the V5 antibody would have not been able to recognise the N-

terminal cleavage since the V5 tag was inserted on the C-terminal domain of the 

recombinant DNA sequence. Interestingly, the analysis of post translational 

modifications of the ZIP6 protein structure revealed that the PEST cleavage site at the 

N-terminus of ZIP6 was highly conserved across different species (Figure 6.10), 

suggesting it was essential for ZIP6 function. Similarly, the predicted PEST cleavage site 

of ZIP6 on the cytoplasmic loop was also found to be conserved across different species, 

despite the fact that it was a poorly predicted site (Figure 6.10). 
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Figure 6.9 ZIP6 and ZIP10 are predicted to have similar PEST cleavages site. 
The sequences of ZIP6 and ZIP10 were retrieved using the NCBI database and the potential PEST cleavage 
sites were predicted by using epestfind database (EMBOSS Bioinformatics) (Rogers, Wells & Rechsteiner, 
1986). The schematics show the predicted PEST cleavage site found for ZIP6 and ZIP10 in order to compare 
them. 

A.

B.

Potential PEST site cleavage:
216 KDVSSSTPPSVTSK 229

POOR prediction PEST site cleavage:
501 HFDSQQPAVLEEEEVMIAH 521

Potential PEST site cleavage:
206 RGEPSNEPSTETNK 219

Potential PEST site cleavage:
576 RLNETELTDLEGQQESPPK 594
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Figure 6.10. The PEST cleavage sites for ZIP6 transporter are conserved across different species. 
The sequences of ZIP6 from different species were retrieved using the NCBI database and aligned using 
the ClustalW5 alignment tool (Larkin et al., 2007). The aligned sequences were then analysed and shaded 
using the BoxShade program (Swiss Institute of Bioinformatics). The black and grey colours show the 
correspondence of at least 70% identical or complementary residues, respectively.  

N-terminal PEST site

Cytoplasmic PEST site
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6.3.2.2 Investigating ZIP6 cleavage by using a presenilin inhibitor 
A recent investigation in our group investigated potential proteases activated 

during mitosis by using protease arrays. This investigation demonstrated that the 

protease with the highest potential of being involved in ZIP6 cleavage was presenilin, as 

this protease was the one with the highest increase in samples treated with nocodazole 

in comparison to control (Nimmanon, 2016). For this reason, the following investigation 

carried on this preliminary finding by analysing the effect of a presenilin inhibitor on ZIP6 

cleavage during mitosis. 

 

The presenilin inhibitor used for this investigation is called DAPT, which is a g-

secretase inhibitor (Morohashi et al., 2006). The analysis revealed two bands with 

western blotting for ZIP6: one at 103 kDa and one at 68 kDa (Figure 6.12-B). The 103 kDa 

band represented the full length of ZIP6 and agreed with the evidence that ZIP6 is 

expressed as a pro-protein which is cleaved before its relocation to the plasma 

membrane where it becomes active (Hogstrand et al., 2013). The N-terminal cleavage 

of ZIP6 generated a smaller protein which was revealed at 68 kDa band and was 

indicative of active ZIP6. Figure 6.11-C showed that when cells were synchronised in 

mitosis with nocodazole there was a significant increase of the 68 kDa band of ZIP6 

between the control and the nocodazole sample (p<0.05), representing the active form 

of ZIP6. The cleaved band of ZIP6 at 68 kDa was significantly decreased in the sample 

treated with the presenilin inhibitor when compared to the control (p<0.01) or the 

nocodazole sample (p<0.01) (Figure 6.11-C). Conversely, Figure 6.11-D showed that the 

103 kDa band was significantly decreased in the nocodazole sample when compared to 

the control (p<0.01). Surprisingly, the 103 kDa band of ZIP6 was also significantly 

decreased in the sample treated with the presenilin inhibitor in comparison to the 

control (p<0.01). While samples treated with both nocodazole and DAPT did not show 

any significant difference in the 103 kDa band (Figure 6.11-D), this double treatment 

affected the 68 kDa band of cleaved ZIP6 which was significantly decreased in 

comparison to the nocodazole sample (p<0.05) (Figure 6.11-C), showing that less active 

ZIP6 was present when cells were treated with the presenilin inhibitor. 
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Figure 6.11 A presenilin inhibitor affects the cleavage of ZIP6. 
A. Schematic showing the two confirmed ZIP6 cleavages with the corresponding molecular weight. The 
bands coloured in red represent the ones that can be recognised by the LIV-1 antibody used for this 
experiment. 
B. MCF-7 cells were treated with or without 150 nM nocodazole for 20 hours and in the presence or 
absence of DAPT (10 µM). Samples were harvested and probed for ZIP6 using the LIV-1 sc antibody. 
C-D. The experiment was performed on three biological replicates and densitometric data of ZIP6 were 
normalised to the results of b-actin and are shown as a graph of n=3 ± SEM (standard error of mean). 
Statistical analysis is shown as * (p<0.05) and **(p<0.01).  
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6.4 Discussion 
It is only recently that we have started to understand how zinc transporters can 

be regulated by phosphorylation. ZIP7, one of the members of the LIV-1 subfamily was 

discovered to be phosphorylated by CK2 on two serine residues on the long cytoplasmic 

loop between TM III and IV. This CK2 phosphorylation was demonstrated to be essential 

for ZIP7 to transport zinc (Taylor et al., 2012). The close correlation between all the 

members of the LIV-1 subfamily shown by the alignment of their sequences (Taylor & 

Nicholson, 2003) suggested that the other members of the subfamily may also undergo 

the same regulation in order to be activated. Furthermore, phosphorylation was 

revealed to be an essential requirement during the cell cycle, as phosphorylation 

mediated by the cyclin-dependant kinases drives the entire cell cycle (Nigg, 2001). 

Therefore, this chapter has provided new insights into the mechanism by which ZIP6 is 

regulated by showing that CK2 binds ZIP6 in mitosis and that the protease presenilin 

plays a role in regulating the proteolytic cleavage of ZIP6. 

 

6.4.1 CK2 binds ZIP6 during mitosis 

6.4.1.1 ZIP6 is predicted to be phosphorylated by kinases which are involved in the 
regulation of the cell cycle  

The analysis of potential phosphorylation sites for ZIP6 identified several 

potential serine and tyrosine sites on the long cytoplasmic loop between TM III and TM 

IV (Figure 6.2). Surprisingly, the analysis predicted several potential tyrosine 

phosphorylation sites that have never been studied before in zinc transporters. In fact, 

not only does tyrosine phosphorylation play a crucial role in cell proliferation, it also 

plays an essential role in oncogenesis (Paul & Mukhopadhyay, 2004) and could be crucial 

for the function of ZIP6. Most importantly, zinc was discovered to inhibit tyrosine 

phosphatases, which led to a failure to deactivate several tyrosine kinase signalling 

(Haase & Maret, 2003). Most of the predicted kinases involved in the phosphorylation 

of these residues were discovered to be kinases associated with cell cycle regulation and 

mitosis, suggesting that phosphorylation on these residues may be necessary for the 

activation and regulation of ZIP6 in mitosis. In particular, the analysis of potential 

phosphorylation sites of ZIP6 led to the selection of four residues for ZIP6 having the 

highest number of prediction and reference according to PhosphoSitePlusÒ (Hornbeck 

et al., 2015). One of these residues was serine 471. This residue was predicted to be 

phosphorylated by either the PAK or GSK3b kinase. The family of PAK kinases was shown 
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to be essential for the progression of cells through the G2/M phase of the cell cycle 

through regulation of PLK1 kinase activity (Maroto et al., 2008), a molecule involved 

with the activation of the complex between cyclin B1 and CDK1 at the onset of mitosis 

(Gavet & Pines, 2010b; Gheghiani et al., 2017). A similar role is played by GSK3b, since 

it was previously shown how GSK3b controls the chromosomal alignment and mitosis 

progression (Wakefield, Stephens & Tavaré, 2003). 

 

Residues Y528 and Y531 in ZIP6 were predicted to be phosphorylated by the Src 

family of kinases, a group of kinases associated with cell cycle progression, apoptosis, 

transformation and migration (Parsons & Parsons, 2004). Overall, these four residues 

appeared to have great potential for phosphorylation in a manner that may be 

important for the known role of ZIP6 in driving cell division (Taylor et al, unpublished) 

and have been subject of investigation. 

 

The serine residue with the highest number of reference from mass 

spectrometry data and highest prediction score for ZIP6 was the S478, which was 

predicted to be phosphorylated by CK2, the same kinase involved in the activation of 

ZIP7 (Taylor et al., 2012). Interestingly, there was evidence of the involvement of CK2 in 

the regulation of the cell cycle, in particular at the onset of mitosis, as it was shown that 

downregulation of the b subunit of CK2 in somatic cells resulted in delayed entry of cells 

into mitosis (Yde et al., 2008). Interestingly, this current study confirmed the binding of 

ZIP6 to CK2 during mitosis (Figure 6.3), highlighting the important role played by CK2 in 

the regulation of mitosis. Most importantly, this finding revealed the potential role for 

CK2 to phosphorylate ZIP6 during mitosis. 

 

6.4.1.2 The potential of ZIP6 being phosphorylated on multiple sites 
In an attempt to demonstrate that CK2 phosphorylated ZIP6 during mitosis on 

the residue S478, the ZIP6 knockout cell model was used for the phosphorylation 

analysis, since it was a valuable and useful tool to investigate potential phosphorylation 

sites by using recombinant ZIP6 while excluding any contribution of endogenous ZIP6 

which may alter the results. In fact, the human and mouse sequence of ZIP6 were shown 

to retain a high similarity as seen in the alignment in Figure 6.4. Most interestingly, the 
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sites predicted to be phosphorylated in ZIP6 were revealed to be conserved in the 

mouse sequence as well (Figure 6.4), implying that these phosphorylation sites could 

play in important role in the regulation of ZIP6 across the two different species. Here, it 

was confirmed that transfection of human ZIP6 recombinant protein was successful in 

mouse cells (Figure 6.5) and therefore allowed us to carry on this investigation by using 

this model of ZIP6 knockout cells. Preliminary immunoprecipitation data for ZIP6 serine 

phosphorylation was not able to confirm whether ZIP6 was phosphorylated on residue 

S478 (Figure 6.6), which was analysed in an attempt to confirm whether binding of CK2 

to ZIP6 resulted in phosphorylation of this residue. However, this result did not rule out 

the possibility that the residue S478 could be phosphorylated in ZIP6, as it gave some 

evidence that the phosphoserine band was decreased in comparison to wild type ZIP6. 

Unfortunately, this could not be quantified as the corresponding V5 band was covered 

by the heavy chain of the antibody used for the immunoprecipitation. 

 

For this reason, further analysis to study the role of CK2 in the phosphorylation 

of ZIP6 was performed by using a CK2 inhibitor called CX-4945 (Siddiqui-Jain et al., 2010) 

which is now in clinical trials for its use in the treatment of a variety of cancer types 

(ClinicalTrials.Gov Identifier: NCT02128282). Since ZIP6 is known to be overexpressed in 

many different type of cancers (Manning et al., 1995; Mcclelland et al., 1998; Zhao et 

al., 2007; Taylor, 2008; Lue et al., 2011) and because of its important role in driving cell 

division (Taylor et al, unpublished), the discovery of CK2 phosphorylation involvement 

in the activation of ZIP6 would provide an additional target to tackle ZIP6 activation and 

its subsequent ZIP6-mediated zinc release. Transfection of different ZIP6 mutants 

including the CK2 site S478 with or without treatment with the CK2 inhibitor CX-4945 

did not confirm that ZIP6 was phosphorylated on this residue. Although cells were 

synchronised in mitosis by using nocodazole, the analysis of the recombinant ZIP6 only 

revealed a band at 108 kDa for V5, which corresponded to the full length of ZIP6. The 

full length of ZIP6 corresponded to the pro-protein of ZIP6 which is also pre-mitotic, as 

when ZIP6 is on the plasma membrane the N-terminal is cleaved off, as also confirmed 

in Figure 6.11-C. However, these results raised the question whether this was due to the 

fact that the recombinant ZIP6 transfected into the mouse cells was not active at this 

stage of mitosis and maybe phosphorylated at a later stage, or whether ZIP6 was 
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phosphorylated on multiple sites. The former hypothesis may be due to the fact that, 

despite CK2 was discovered to have an important role at the onset mitosis, it was also 

revealed to be maximally phosphorylated and active during prophase and metaphase 

(Yde et al., 2008; St-denis, Derksen & Litchfield, 2009). The full size of ZIP6 identified in 

the current analysis corresponded to a pre-mitotic ZIP6 and the CK2 inhibitor may not 

have had any effect on ZIP6 phosphorylation at this stage. The latter hypothesis could 

be explained by the fact that CK2 was discovered to be involved in hierarchical 

phosphorylation, a mechanism by which a kinase that phosphorylates one substrate 

induces the phosphorylation of another substrate by the action of another kinase (St-

denis et al., 2014). Interestingly, CK2 was demonstrated to be necessary as a priming 

kinase for the subsequent ability of GSK3b to phosphorylate other residues during 

glucose metabolism (Fiol et al., 1987). The synergetic mechanism of phosphorylation of 

CK2 and GSK3b is exciting since residue S471 of ZIP6, which is in close proximity to 

residue S478, was predicted to be phosphorylated by either PAK or GSK3b kinase. This 

could suggest that as CK2 is a kinase which is constitutively active (Pinna, 2002), it may 

act as a priming kinase for the following activation of different kinases which could lead 

to the phosphorylation of ZIP6 on multiple sites. The synergy between CK2 and GSK3b 

was also corroborated by a preliminary investigation in our group that has confirmed 

the binding of GSK3b to ZIP6 (data not shown). Furthermore, there are now more and 

more phosphorylation databases available online which have revealed many more 

potential phosphorylation sites of ZIP6. Examination of potential phosphorylation sites 

in ZIP6 including all residues at sites other than the cytoplasmic loop between TM III and 

TM IV revealed that there are multiple sites of ZIP6 that have the potential to be 

phosphorylated by CK2 (highlighted in yellow) (Table 6.2). This table include not only 

serine, but also threonine residues. Most interestingly, the threonine T479 was 

predicted to be phosphorylated by CK2 and this residue is adjacent to S478, implying 

that CK2 could phosphorylate both. 

 

Similar to the results gained for the serine phosphorylation, the analysis of the 

tyrosine phosphorylation of ZIP6 did not provide a clear answer regarding whether the 

Src kinase was involved in the phosphorylation of the tyrosine residues 528 and 531. 

This analysis was promising in light of the involvement of zinc in the activation of several 
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tyrosine kinase pathways through inhibition of tyrosine phosphatases (Haase & Maret, 

2003), and since it is an emerging new area of zinc biology. Unfortunately, similar to that 

seen for the analysis of serine phosphorylation, investigation of tyrosine 

phosphorylation showed a unique band for V5 at 108 kDa, corresponding to the full size 

of ZIP6, which was corresponding to pre-mitotic ZIP6. This data did not necessarily rule 

out the possibility of Src kinase to phosphorylate ZIP6, but as no significant difference 

was seen between the different ZIP6 mutants, it did suggest that ZIP6 may be 

phosphorylated on multiple tyrosine residues as predicted in Table 6.2. Tyrosine 

phosphorylation of ZIP6 could involve also other kinases. Nevertheless, it is important 

to highlight that the catalytic subunit of CK2 was shown to be tyrosine phosphorylated 

by members of the Src family of kinases, and this phosphorylation results in increased 

catalytic activity of CK2 (Donella-Deana et al., 2003). This evidence may suggest that 

these two kinases could act synergistically and phosphorylate ZIP6 at different serine 

and tyrosine residues, something that still remains elusive and requires future 

investigations. Moreover, analysis of potential kinases responsible of the 

phosphorylation of ZIP6 on Y528 and Y531 with NetPhos 3.1 (Blom et al., 2004) has now 

predicted the possibility that also the EGFR kinase could be involved with the 

phosphorylation of these sites, which needs to be tested in future work. 

 

Nevertheless, the serine phosphorylation investigation provided an interesting 

result. The presence of a 68 kDa band in Figure 6.7 was indicative of serine 

phosphorylation of endogenous proteins other than the ZIP6 recombinant proteins. 

Since it was demonstrated in Chapter 5 that the ZIP6 knockout cells upregulated ZIP10, 

this band at 68 kDa could be due to the phosphorylation of endogenous ZIP10. It was 

worth noticing that, despite not being significant, the samples which were treated with 

the CK2 inhibitor showed reduced serine phosphorylation in comparison to the non-

treated ones, suggesting that the use of the CK2 inhibitor could have had a role in 

reducing the serine phosphorylation of ZIP10. In fact, prediction of potential 

phosphorylation sites for ZIP10 showed that ZIP10 have few serine and threonine 

residues which are predicted to be phosphorylated by the protein kinase CK2 (Table 6.3) 

that could explain the result observed. As mentioned previously, CK2 is involved in 

hierarchical phosphorylation (St-denis et al., 2014), which may suggest that treatment 
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with a CK2 inhibitor reduced the phosphorylation of those predicted serine residues and 

the consequent phosphorylation of other serine residues by other kinases. This now 

fosters a new area for future investigation. 

 

ZIP6 
residue 

Sequence NetPhorest 

prediction 

Kinexus 

prediction 

NetPhos 
prediction 

T32 AAFPQTTEKIS DAPK, MAPK2 CDK3 PKC 
T33 AFPQTTEKISP PKC, GSK3b GSK3b CK1 
S37 TTEKISPNWES MAPK JNK1 GSK3b 
Y55 ISTRQYHLQQL Eph MERTK INSR 
S69 YGENNSLSVEG GRK PIM1 DNAPK 
S71 ENNSLSVEGFR DMPK SgK307 Cdc2 

S106 DHEHHSDHERH CK2 CK2a2 CK2 
S112 DHERHSDHEHH CK2 CK2a2 CK2 
S124 EHEHHSDHDHH CK2  CK2 
T188 STVYNTVSEGT PDHK MEK1  
S189 ASEVTSTVYNT GRK   
Y192 VTSTVYNTVSE Src  EGFR 
S219 SSTPPSVTSKS ACT2/2B TGFbR2 ERK1 unsp 
S384 HHHSHSHEEPA PKC, GSK3b ATR, PLK3 PKC 
S409 FSHLSSQNIEE ATM/ATR PLK3, CK1a1 ATM, CK2 
S471 IKKQLSKYESQ PAK, GSK3  PKA 
Y473 KQLSKYESQLS Eph  INSR 
S475 LSKYESQLSTN ATM/ATR  DNAP 
S478 YESQLSTNEEK CK2  CK2 
T479 ESQLSTNEEKV CK2  CK2 
T486 EEKVDTDDRTE CK2  CK2 
T490 DTDDRTEGYLR ACT2/2B TGFbR2  GSK3b 
Y493 DRTEGYLRADS MAP2K  unsp 
Y528 HPQEVYNEYVP Src  Src, EGFR 
Y531 EVYNEYVPRGC Src  Src, EGFR 
S577 NHHPHSHSQRY PKC PKG1 unsp 
S583 HSQRYSREELK PKA  CK2 
S609 GLHNFSDGLAI CK2  CK2 
T619 IGAAFTEGLSS GRK, DAPK  CK1 
S629 SGLSTSVAVFC PKC  Cdc2 
T653 LKAGMTVKQAV PKC  PKC 
T693 WIFALTAGLFM DAPK  PKC 

 
Table 6.2 ZIP6 has the potential to be phosphorylated on multiple sites. 
The sequence of ZIP6 was retrieved on the NCBI database in FASTA format. The analysis was performed 
using several phosphorylation site databases such as Phosphonet (Kinexus Bioinformatics Corporation), 
NetPhorest 2.1 (University of Copenhagen) and NetPhos 3.1 (see methods section for reference). The 
kinase predicted to be responsible for the phosphorylation on each site is indicated on the table. The 
residues highlighted in yellow are the residues which are predicted to be phosphorylated by protein kinase 
CK2.  
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ZIP10 

residue 

NetPhorest prediction Kinexus prediction NetPhos 

prediction 

S556 CK2 CK2 CK2 
T567 MAP2K CK2 CK2 
S573 CK2 CK2 CK2 
T580 CK2 CK2  
T583 CK2 CK2 CK2 
S610 CK2 CK2  
T615 CK2 CK2  

 
Table 6.3 ZIP10 phosphorylation sites that are predicted to be phosphorylated by CK2. 
The sequence of ZIP10 was retrieved on the NCBI database in FASTA format. The analysis was performed 
using several phosphorylation site databases such as Phosphonet (Kinexus Bioinformatics Corporation), 
NetPhorest 2.1 (University of Copenhagen) and NetPhos 3.1 (see methods section for reference). 
 
 

The investigation of potential serine or tyrosine phosphorylation sites of ZIP6 is 

quite a complex area of study. Although this analysis did not unveil any major 

breakthrough, it has suggested the potential involvement of CK2 in the regulation of 

ZIP6 and has provided interesting suggestions and a base for future work in this area. 

 

6.4.2 The importance of ZIP6 proteolytic cleavage 
The proteolytic cleavage of ZIP6 is essential for the correct function of this zinc 

transporter which involves its relocation from the endoplasmic reticulum to the plasma 

membrane (Hogstrand et al., 2013). This cleavage was excepted to occur at a PEST 

cleavage site on its N-terminal domain which was confirmed to be highly conserved in 

different species (Figure 6.10), suggesting a significant role for this proteolytic cleavage 

in the correct function of the protein. The PEST cleavage site is a sequence of amino 

acids which is associated with proteins having a short half-life (Rogers, Wells & 

Rechsteiner, 1986). Moreover, ZIP10 is the only other member of the LIV-1 subfamily to 

contain a PEST cleavage site in the N-terminus (Taylor et al., 2016) which was shown to 

generate several ZIP10 cleavage products (Ehsani et al., 2012) Interestingly, the prion 

protein, a protein involved in neurodegenerative diseases of humans and animals was 

shown to have descended from the LIV-1 subfamily of ZIP transporters and has a close 

similarity to ZIP6 and ZIP10 (Schmitt-Ulms et al., 2009). The prion protein was shown to 

undergo an N-terminus proteolytic cleavage in zinc-depleted condition, similar to that 

observed for ZIP10 (Ehsani et al., 2012). This highlighted how the modification and 

proteolytic cleavage of these proteins must be a prerequisite of their functional control. 
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Proteolytic cleavage is an essential regulatory mechanism used by proteins to regulate 

physiological events such as cell cycle and not only for their degradation (Rogers & 

Overall, 2013). 

 

The study within this current chapter has shown the prediction of a second PEST 

cleavage site for ZIP10 in the middle of its long intracellular loop between 

transmembrane III and IV, which has never been investigated before and was 

unprecedented in ZIP transporters. The immunoprecipitation data within this chapter 

showed the presence of a lower band for ZIP6 at 35 kDa which was indicative of a 

potential cytoplasmic loop proteolytic cleavage. Analysis of potential PEST cleavage site 

for ZIP6 in Figure 6.9 showed the presence of a PEST cleavage site in the middle of the 

long cytoplasmic loop between TM III and TM IV similar to that found for ZIP10. Although 

the ZIP6 cytoplasmic cleavage was not strongly predicted, the site was seen to be 

conserved in other species, suggesting the potential for an important role in this protein. 

If this cleavage was real, it would generate a ZIP6 cleavage from the middle of the 

cytoplasmic loop to the C-terminal domain corresponding to a molecular weight of 28 

kDa according to the online tool Compute pi/Mw (Gasteiger et al., 2005). Considering 

also the 5 kDa band of the V5-His tag (Elomaa et al., 2001) and the potential 

glycosylation site of ZIP6 on residue N684 (Taylor et al., 2003), this could correspond to 

a 35 kDa band generated by the cytoplasmic cleavage. This cleavage may suggest the 

potential of ZIP6 protein breakdown for degradation which could be used as a regulatory 

mechanism to let cells progress in G1 at the end of mitosis. However, this mechanism is 

yet to be fully understood and provides a new area of study for zinc transporters. 

 

6.4.2.1 Assessing involvement of presenilin in the proteolytic cleavage of ZIP6 
The analysis of ZIP6 proteolytic cleavage was focused on the investigation of the 

presenilin protease, as a previous study in our group revealed that presenilin is the 

protease with the highest probability of being involved with ZIP6 cleavage during mitosis 

(Nimmanon, 2016). In fact, protease arrays of cells synchronised in mitosis with 

nocodazole have revealed that presenilin was the protease which showed the highest 

increase in mitosis in comparison to control samples. Most interestingly, presenilin was 

known to have a role in the transcription and cleavage of the prion protein (Vincent et 

al., 2009), a protein which shares many similarities with both ZIP6 and ZIP10 (Schmitt-
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Ulms et al., 2009). The data within this current study has shown that the active form of 

ZIP6 during mitosis was significantly decreased in the sample treated with the presenilin 

inhibitor DAPT. These results suggested that presenilin could have been involved with 

the cleavage of ZIP6, explaining why less active ZIP6 was seen when this protease was 

inhibited. However, the full size of ZIP6 was also reduced in the sample treated with the 

presenilin inhibitor in comparison to the control. Thus, this result contradicted the 

previous hypothesis and suggested that while presenilin may have a role in the 

regulation of ZIP6 proteolytic cleavage, other proteases may be involved in this process. 

Taken together these findings did not unveil whether presenilin was involved in the 

cleavage of ZIP6 during mitosis but corroborated that the use of a presenilin inhibitor 

affected the overall ZIP6 protein level and its regulation in mitosis. 

 

The study of post-translational modifications of ZIP6 was only the beginning of a 

more extended area that has provided exciting new work to be undertaken. As soon as 

the mechanism lying behind the activation and regulation of ZIP6 and ZIP10 is fully 

understood, it will be possible to investigate new potential targets that can be used for 

the treatment and management of highly proliferative diseases such as cancer. 

 

6.5 Chapter summary 
The study of post-translational modification of ZIP6 and ZIP10 identified many 

potential phosphorylation sites that were predicted to be phosphorylated by kinases 

which have an important role in the regulation of mitosis. In particular, it was found that 

ZIP6 bound the protein kinase CK2 during mitosis, a kinase involved in several 

malignancies including cancer and that has an established role in the regulation of 

mitosis. It was found that ZIP6 had the potential of being phosphorylated on multiple 

serine and tyrosine residues, and that CK2 may have a role in driving hierarchical 

phosphorylation. Combining different techniques with the use of different kinases 

inhibitors could be helpful in the follow-through of this area of study. This chapter also 

highlighted the important role for proteolytic cleavage as a prerequisite of the correct 

function of ZIP6, which was discovered to be conserved across different species.
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7 GENERAL DISCUSSION  
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The importance of zinc for normal human health has been known for the last 55 

years (Prasad et al., 1963). This was confirmed by the fact that zinc dysregulation was 

discovered to be involved in several pathologies and illnesses such as 

neurodegenerative diseases, immunodeficiency, growth retardation, diabetes and 

cancer (Rink & Gabriel, 2000; Chimienti, Favier & Seve, 2005; Wenzlau et al., 2007; 

Mocchegiani, Giacconi & Malavolta, 2008; Taylor, Gee & Kille, 2011; Fukada et al., 2011; 

Ziliotto, Ogle & Taylor, 2018). Therefore, it is essential to maintain correct zinc 

homeostasis for human health. For this reason, zinc biology is a new emerging area of 

investigation that has been gaining much interest in recent years. While more is known 

about the members of the ZnT family due in part to the availability of a 3D structure (Lu 

& Fu, 2007; Coudray et al., 2013), the mechanism by which the ZIP transporters work 

still remains elusive. In order to shed light on the ZIP family functional mechanism, this 

project has focused on three zinc transporters of the ZIP family: ZIP7, ZIP6 and ZIP10. 

The project expanded a few recent discoveries in our group and has provided a deeper 

insight into the role of these zinc transporters in breast cancer and in the regulation of 

the cell cycle. Firstly, the discovery that ZIP7 has a role in driving anti-hormone 

resistance in breast cancer (Taylor et al., 2008) and is reliant on CK2 phosphorylation to 

function (Taylor et al., 2012) was expanded, and it has unveiled for the first time the 

correlation between ZIP7 and ZIP6 in driving the aggressiveness of tamoxifen resistant 

breast cancer. Secondly, a more recent study in our group has discovered the 

involvement of both ZIP6 and ZIP10 in the regulation of mitosis (Taylor et al, 

unpublished). In-depth analysis starting from this evidence has investigated the 

possibility of targeting ZIP6 and ZIP10 in cancer and has provided a new understanding 

of how these zinc transporters are regulated, that will now be discussed in detail. 

 

The most striking breakthrough of this current project was the ability to stop cell 

division by targeting zinc signalling, a mechanism that can potentially be used to prevent 

the spread and worsening of hyperproliferative diseases such as cancer, which rely on 

increased cell growth to sustain their development. The follow-up of this new finding 

could benefit a significant number of people that are affected by cancer, which remains 

one of the main burdens of our society (Bray et al., 2018).  
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7.1 Phosphorylated ZIP7 is a biomarker of tamoxifen resistant breast cancer 
ZIP7 is a member of the LIV-1 subfamily which, unlike other members, does not 

reside on the plasma membrane. Intracellular zinc signalling is regulated by different 

zinc transporters, such as ZnT2 or ZnT4 which sequester zinc inside lysosomes or ZIP8 

which works in the opposite direction by increasing the level of cytoplasmic zinc by 

releasing zinc from lysosomes (reviewed by Kambe et al., 2015). Other important 

mediators of cytoplasmic zinc include ZIP9, which is localised on the apical membrane 

of the Golgi apparatus (Matsuura et al., 2009) or ZIP13 which, similarly to ZIP9, is 

localised to the Golgi membrane and on cytoplasmic vesicles, transporting zinc from this 

compartments to the cytosol (reviewed by Kambe et al., 2015). Among these, ZIP7 is 

one of the main regulators of intracellular zinc homeostasis, as it controls transport of 

zinc from the endoplasmic reticulum to the cytoplasm (Taylor et al., 2004; Woodruff et 

al., 2018). ZIP7 controls zinc homeostasis by increasing the level of cytoplasmic zinc 

following its phosphorylation mediated by the protein kinase CK2 on two serine residues 

located on the cytoplasmic loop between TM III and TM IV (Taylor et al., 2012). This 

activation happens in response to an extracellular stimulus, such as zinc or EGF, coupled 

with an intracellular calcium release (Yamasaki et al., 2007). It was recently shown that 

ZIP7 activation occurs within two minutes of an extracellular stimulus which, in that 

study, was mediated by zinc (Nimmanon et al., 2017). This confirms the role played by 

zinc as a second messenger (Yamasaki et al., 2007), being released from stores within 

minutes of an extracellular stimulus and being involved in the activation of other 

signalling pathways. 

 

7.1.1 ZIP7 drives the aggressiveness of tamoxifen-resistant breast cancer 
Breast cancer is the most common cancer amongst women (Bray et al., 2018) 

and development of endocrine resistance is one of the main issues in the management 

of breast cancer therapy (Larionov & Miller, 2009). In particular, resistance to tamoxifen 

is one of the main concerns, as tamoxifen is still one of the preferential drugs used in 

pre-menopausal women affected by ER-positive breast cancer (Clarke, Tyson & Dixon, 

2015). Many research groups have been studying the mechanism by which cells acquire 

resistance to tamoxifen by using model of TamR cells, and a common feature of these 

cells is the expression of a more aggressive phenotype in comparison to the parental 

MCF-7 (Hiscox et al., 2004, 2006a, 2006c; Taylor et al., 2008; Kim et al., 2009; Bui et al., 
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2017). Aggressive phenotype of breast cancer is a term used to describe breast cancer 

with a poor prognosis which have a higher chance to metastasise (Arpino, Milano & De 

Placido, 2015). Our group have previously demonstrated that the TamR resistant cell 

line is characterised by an increased motility and invasive phenotype (Hiscox et al., 

2004), having adopted the EGFR signalling pathway (Knowlden et al., 2003) as well as 

activated Src kinase (Hiscox et al., 2006c), a protein with a well-established role as an 

oncogene (Parsons & Parsons, 2004). The increased motility of TamR cells is induced by 

loss of cellular adhesion proteins with acquisition of mesenchymal properties (Hiscox et 

al., 2006a), typical of cells undergoing epithelial to mesenchymal transitions (Kalluri, 

2009). In particular, it was discovered that the reduction of cell-cell adhesion 

interactions in TamR cells was mediated by increased expression of b-catenin, both 

mRNA and protein (Hiscox et al., 2006a). b-catenin together with E-cadherin is involved 

in the cell-adhesion machinery and epithelial integrity, and overexpression of b-catenin 

is related to many invasive cancers, displaying an EMT-transition phenotype (Tian et al., 

2011). It is interesting to notice that TamR cells were associated with increased 

inactivation of GSK3b (Hiscox et al., 2006a) and increased activation of AKT (Jordan et 

al., 2004; Hiscox et al., 2006a), which was further confirmed also in the current project. 

In this respect, it is important to highlight that zinc was discovered to be involved with 

both activation of AKT (Lee et al., 2009) and inhibition of GSK3b (Ilouz et al., 2002). 

Increased activation of the PI3K/AKT/mTOR pathway in TamR cells has also been 

confirmed in more recent papers not only in TamR cells (Phuong et al., 2014) but also in 

a model of TamR xenografts (Cottu et al., 2014). The current thesis project has also 

shown that the increased activation of AKT in comparison to the parental MCF-7 cells is 

not only present in TamR cells, but also in our long-term resistant model of TamR, called 

TamRL, which better mimics the clinical situation. For this reason, recent investigations 

have focused on the use of AKT or mTOR inhibitors to test their efficacy at decreasing 

the cell proliferation of this aggressive phenotype of breast cancer resistance. Our group 

have tested an mTOR inhibitor called RAD001 (everolimus/AfinitorÒ) and a dual 

mTORC1/2 mTOR kinase inhibitor called AZD8055 on our model of TamR-MCF-7 

resistance showing that the latter was successful at reducing the cell growth of TamR, 

and that this effect was enhanced by the combination of this drug with the pure anti-

oestrogen fulvestrant (Jordan et al., 2014). Another research group tested the AKT 
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inhibitor AZD5363 on TamR cells and confirmed that their cell growth was reduced and 

that the use of this drug was effective at resensitising the cells to the antiproliferative 

effect of tamoxifen (Ribas et al., 2015). 

 

Another pathway which was discovered to be increased in TamR cells was Src 

(Hiscox et al., 2006c). The increased activation of the Src kinase signalling discovered in 

TamR cells activates tyrosine kinase pathways that contribute to the aggressiveness of 

this cell line and to its increased cell growth rate (Hiscox et al., 2006c). Not surprisingly, 

zinc is known to inhibit tyrosine phosphatases (Haase & Maret, 2003) and considering 

that TamR cells were discovered to have a significant increase of intracellular zinc (Taylor 

et al., 2008), which was further confirmed in the current project, it suggests a pivotal 

role for zinc in the activation of downstream pathways which regulate the aggressive 

behaviour of this resistant cell line. Moreover, an upstream molecule of Src kinase is the 

focal-adhesion kinase FAK (Brunton et al., 2005). Analysis of TamR cells identified that 

increased Src was related to increase FAK phosphorylation and cell treatment with a Src 

inhibitor, called AZD0530, was able to reduce FAK activity (Hiscox et al., 2007). A follow-

up study on FAK has also shown that the use of a FAK inhibitor was associated with 

reduction of invasive proprieties of TamR cells (Hiscox et al., 2011). Interestingly, FAK is 

phosphorylated on several tyrosine residues, and the fact that the active form of FAK is 

increased in TamR cells (Hiscox et al., 2011) is exciting since this cell line has increased 

zinc (Taylor et al., 2008). As zinc is responsible for inhibition of tyrosine phosphatases 

(Haase & Maret, 2003), it suggests a role for zinc in the increased activation of FAK 

observed in TamR by maintaining this pathway constitutively active. This evidence is 

corroborated by a recent paper which has demonstrated that treatment of human lung 

cancer cells with zinc induced EMT, and consequently these cells displayed a metastatic 

behaviour that was associated with increased activation of FAK (Ninsontia, 

Phiboonchaiyanan & Chanvorachote, 2016). 

 

It is important to notice that all of the above signalling pathways, such as PI3K, 

AKT, GSK3b or mTOR have been recently discovered by our group to be directly 

downstream of ZIP7 activation (Nimmanon et al., 2017), which fit with the current 

discovery of this thesis revealing how TamR cells displayed a significant ZIP7 
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hyperactivation. The current thesis project speculated that the aggressive phenotype 

displayed by TamR cells was a direct consequence of the ZIP7-mediated zinc release 

following its increased activation. The first correlation between ZIP7 and breast cancer 

was found in our models of anti-hormone resistant breast cancer which revealed 

increased expression of the ZIP7 gene in comparison to the parental MCF-7 cells (Taylor 

et al., 2007). Moreover, TamR cells not only had increased expression of the SLC39A7 

gene (ZIP7) but also increased zinc (Taylor et al., 2008). This zinc increase was a direct 

consequence of elevated ZIP7 expression, as downregulation of the ZIP7 gene resulted 

in reduced activation of EGFR, IGF-1R or Src signalling which was accompanied by 

cytosolic zinc decrease (Taylor et al., 2008). Furthermore, the increased use of EGFR 

signalling discovered in TamR cells resulted in elevated levels of activated ERK1/2 MAPK 

signalling (Knowlden et al., 2003), another pathway whose activation was previously 

associated with reduced cancer survival rate in clinical breast cancer (Gee et al., 2001). 

A recent paper has investigated and identified the complex genomic landscape of 

endocrine-resistant advanced breast cancer, identifying lesions and mutation on the 

MAPK pathway as one of the mainstays of endocrine resistance, together with the 

already known ESR1 (oestrogen receptor alpha gene) mutations (Razavi et al., 2018). 

Interestingly, MAPK is another main downstream pathway of activated ZIP7 (Nimmanon 

et al., 2017), confirming once again the important role played by ZIP7-mediated zinc 

release in the development of endocrine resistance. 

 

Interestingly, after a new immunohistochemistry assay for pZIP7 was developed, 

this was applied to a small series of clinical breast cancer samples available in our group 

with analysis of corresponding clinical parameters to pZIP7 Hscore revealing a significant 

direct association to pMAPK, the active form of the ERK1/2 pathway. This result further 

supported our discovery of activated ZIP7 involved in the development of the aggressive 

phenotype in endocrine-resistant breast cancer, and confirmed what was previously 

discovered in TamR cells regarding the increased activation of the ERK pathway 

(Knowlden et al., 2003). Furthermore, investigation of clinical parameters discovered a 

significant association of pZIP7 to the proto-oncogene Fos and the transferrin receptor 

CD71. Both these two molecules have been previously studied for their involvement in 

tamoxifen-resistant breast cancer. 
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One study has identified the transferrin receptor as a marker of a poor prognosis 

breast cancer cohort with associated tamoxifen resistance (Habashy et al., 2010). The 

discovery of the correlation of pZIP7 to CD71 was exciting since the transferrin receptor, 

which normally transports iron (Ponka & Lok, 1999), has also been demonstrated to 

transport zinc into cells (Charlwood, 1979). Investigations of the transferrin receptor in 

the TamR cell line revealed a 5-fold increased expression of CD71 in comparison to MCF-

7 cells, and analysis of a cohort of ER-positive breast cancer treated with only tamoxifen 

showed that CD71 was significantly related to a decrease in breast cancer survival and 

disease-free interval (Habashy et al., 2010). The direct association of CD71 to TamR cells 

and the evidence that this cell line was characterised by increased cytoplasmic zinc 

suggested that the transferrin receptor may contribute along with pZIP7 to the 

increased level of cytoplasmic zinc seen in this cell line, which resulted in activation of 

multiple downstream pathways that are involved with aggressive cancer. 

 

Another result which contributed to verify the hypothesis of pZIP7 being a major 

player in the development of tamoxifen-resistance was the association with the proto-

oncogene Fos. In this respect, a study of human bronchial epithelial cells supplemented 

with zinc showed increased expression of c-Fos in comparison to cells with normal zinc 

levels (Fanzo et al., 2001). As TamR cells was discovered to have more zinc than their 

parental MCF-7 cells (Taylor et al., 2008), it could imply that the significant correlation 

of the proto-oncogene Fos to pZIP7 was due to the direct correlation between zinc 

status and Fos expression. Moreover, the protein c-Fos was also previously correlated 

to endocrine resistance, as an investigation on breast cancer samples at different 

treatment stages showed that patients responding to tamoxifen had decreased cell 

proliferation and expression of Fos, while patients with a poor response had more Fos 

expression (Gee et al., 1999). In fact, more recently it was seen that the expression of 

Fos was significantly raised in ductal carcinoma biopsies in comparison to normal tissue, 

highlighting the role of this oncogene in driving cancer aggressiveness (Motrich, Castro 

& Caputto, 2013). 

 

All this evidence corroborates our finding that activated ZIP7 and its consequent 

zinc-mediated signalling is a major player in the development of tamoxifen resistance. 
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Now that a new immunohistochemical assay has been developed this could be tested in 

other clinical samples, including samples at relapse, and it could be used as a novel 

biomarker of tamoxifen resistance in breast cancer. 

 

7.1.2 A mechanism for ZIP6 and ZIP7 in the regulation of epithelial to mesenchymal 
transition of TamR cells 
A recent investigation has demonstrated that the epithelial to mesenchymal 

transition behaviour of MCF-7 cells was induced by a ZIP6-mediated zinc mechanism 

(Hogstrand et al., 2013). ZIP6-mediated intracellular zinc release resulted in inhibition 

of GSK3b, via a direct mechanism (Ilouz et al., 2002) or via phosphorylation mediated by 

AKT, which can also be activated by zinc (Lee et al., 2009). These events resulted in 

downregulation of E-cadherin induced by retention of active Snail in the nucleus 

(Hogstrand et al., 2013). A similar mechanism involving GSK3b and AKT in the regulation 

of EMT in TamR cells was also confirmed in a previous paper (Kim et al., 2009). 

Considering the current study has discovered that TamR cells have increased activation 

of ZIP7, and knowing that zinc acts as a second messenger (Yamasaki et al., 2007) which 

can be involved in the activation of ZIP7 itself (Taylor et al., 2012), it may suggest that 

the ZIP6-mediated zinc release stimulates the activation of ZIP7, which results in 

increased activation of AKT, as a direct downstream pathway of ZIP7 (Nimmanon et al., 

2017). Additional evidence of zinc contributing to the activation of ZIP7 comes from a 

recent paper which has identified the zinc-sensing G-protein coupled receptor 

ZnR/GPR39 in the aggressive phenotype of TamR cells (Ventura-Bixenshpaner et al., 

2018). This paper has demonstrated that changes in zinc homeostasis activated the 

ZnR/GPR39 receptor which was overexpressed in this cell line and that its activation 

resulted in calcium release followed by activation of downstream pathways such as AKT 

and MAPK. Therefore, this data led us to postulate that changes of zinc homeostasis 

could be accompanied by ZIP6-mediated zinc release. Mobilisation of zinc could induce 

both activation of ZnR/GPR39 and of ZIP7, as it was previously demonstrated that zinc 

induced zinc release (Taylor et al., 2012). The IP3R-mediated calcium release could 

contribute to further activate ZIP7, as calcium was previously identified as essential for 

zinc mobilisation from stores (Yamasaki et al., 2007). The link between calcium and zinc 

is well established, as studies in Hela cells have shown that changes in intracellular zinc 

mediated calcium release from the endoplasmic reticulum and vice versa (Qin et al., 
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2011). All these data corroborate our findings of increased zinc driving the 

aggressiveness of TamR cells by utilising ZIP7-mediated zinc signalling. The increased 

activation of ZIP7 was demonstrated to be responsible of the activation of 

PI3K/AKT/mTOR and MAPK pathways (Nimmanon et al., 2017) which drive the invasive 

and aggressive behaviour of this endocrine resistant cell line. This, together with the 

well-established role of ZIP6 in driving EMT, highlighted the importance of zinc signalling 

in driving the aggressiveness of this model of tamoxifen resistant cells. It is postulated 

that activation of AKT mediated by ZIP7 inhibits GSK3b, which retains Snail in the nucleus 

where it acts as a E-cadherin repressor, inducing epithelial to mesenchymal transition 

(Figure 7.1). 

 

Figure 7.1 Proposed mechanism for ZIP6 and ZIP7 driving EMT in TamR cells. 
ZIP6 imports zinc from the extracellular space. Mobilisation of zinc and activation of the zinc-sensing 
receptor ZnR/GPRR39 induces the IP3R-mediated calcium release which further stimulates the activation 
of ZIP7 mediated by CK2 phosphorylation. Activated ZIP7 induces release of zinc from the endoplasmic 
reticulum which results in increased activation of AKT. AKT is responsible of the inactivation of GSK3b 
which retains Snail in the nucleus where it acts as a E-cadherin repressor. This results in increased cell 
proliferation and invasive properties of TamR cells. 
 

 

Cell membrane Cytoplasm

ZIP6

ZnR/GPR39
ZIP7

AKT

GSK3β

Snail E-cadherin

Invasion

Cell 
proliferation

Cell membrane 

CK2

CK2

TamR

Zn2+ Zn2+

Ca2+ Ca2+

Zn2+

Nucleus

Endoplasmic 
reticulum

IP3R

Zn2+
P

P



 213 

Another important link between TamR-induced EMT and ZIP6 comes from the 

evidence that TamR cells were discovered to have constitutively activated STAT3 (Bui et 

al., 2017). In this recent paper it was shown that TamR cells had also increased 

expression of Notch4, a member of the Notch signalling family which is normally 

involved in the regulation of the destiny of cells during development, including 

promoting cell growth in cancer (Bray, 2016). That study demonstrated that inhibition 

of Notch4 in TamR cells resulted in a significant decrease of STAT3 tyrosine 

phosphorylation (Bui et al., 2017). Interestingly, ZIP6 expression was discovered to be a 

downstream target of STAT3 (Yamashita et al., 2004), and these two molecules were 

both identified in the regulation of epithelial to mesenchymal transition (Yamashita et 

al., 2004; Hogstrand et al., 2013). Moreover, the discovery that ZIP7 was significantly 

associated with STAT3 in breast cancer samples (Taylor et al., 2007) further links STAT3, 

ZIP6 and ZIP7-mediated zinc signalling to the aggressive phenotype of tamoxifen-

resistant cells. Furthermore, the current project revealed a significant direct association 

of activated ZIP7 with higher tumour grade. Tumour grade is an indicator of tumour 

progression as high tumour grade is typical of poor differentiated tumour cells which 

exhibit more mitotic figures and more disorganised nuclei, markers of tumour 

progression (Edge et al., 2010). Despite the fact that phospho-ZIP7 was not significantly 

correlated to tumour stage, which is an indicator of tumour spread and lymph node 

involvement, this was still an important result to corroborate the use of ZIP7-mediated 

zinc signalling in a poor prognosis cohort of breast cancer, which could be related to 

endocrine resistance. The critical role of ZIP7 in the regulation of cell proliferation was 

also confirmed in a recent paper where knockdown of ZIP7 was associated with ER stress 

and aberrant cell proliferation (Woodruff et al., 2018). Most interestingly, this recent 

paper has also confirmed the important role of ZIP7 as one of the major regulators of 

cytosolic zinc, as a model of ZIP7 CRISPR/Cas9 cells was discovered to have upregulation 

of ZIP8, ZIP14, ZnT1 and ZnT5, showing that cytosolic zinc level was significantly reduced 

when ZIP7 was ablated. Furthermore, it was shown that the upregulation of other zinc 

transporters involved in the regulation of intracellular zinc was not sufficient to 

compensate for the lack of ZIP7 (Woodruff et al., 2018). All this data corroborate the 

findings of this project, confirming the important role played by ZIP7 and ZIP6 as 
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essential drivers of cell proliferation. To date, this is the first study relating the 

mechanism of ZIP6 in EMT to ZIP7-mediated zinc signalling (Figure 7.1). 

 

7.1.3 A mechanism to tackle tamoxifen-resistance in breast cancer by targeting CK2 
When ZIP7 was first shown to be involved in the development of anti-hormone 

resistant breast cancer (Taylor et al., 2008), it was not known that ZIP7 activation was 

mediated by CK2 phosphorylation (Taylor et al., 2012). This was an important discovery, 

as it helped clarify how the ZIP7-mediated zinc release mechanism was regulated. 

Knowing that CK2 phosphorylation is a requirement for ZIP7 activation, it provides a 

potential new mechanism to target ZIP7 indirectly. CK2 is a ubiquitous protein involved 

in a variety of physiological pathways which also include cell-cell adhesion maintenance 

control (Bek & Kemler, 2002; Ji et al., 2009). CK2 exists as a tetrameric structure 

composed of two a catalytic subunits and two b regulatory subunits (Litchfield, 2003) 

which contains a zinc finger domain that mediates dimerization of CK2b (Chantalat et 

al., 1999). Although CK2 is not directly an oncogene, it was discovered to be highly 

abundant in tumour cells, suggesting its important role in tumorigenesis (Trembley et 

al., 2009). Imbalance of the two CK2 subunits was seen to be involved in epithelial to 

mesenchymal behaviour via induction of EMT-regulated genes (Deshiere et al., 2013). 

In particular, it was seen that overexpression of the CK2a subunit in mammary glands 

was associated with increased risk of metastasis in breast cancer, being a marker of poor 

prognosis (Giusiano et al., 2011), and more recently the same was identified in epithelial 

ovarian cancer (Ma et al., 2017). In this respect, it is interesting to notice that 

overexpression of CK2a was associated with invasiveness of colorectal cancer tissues 

and cell lines via regulation of EMT genes, such as upregulation of Snail (Zou et al., 2011). 

In that study it was shown that downregulation of CK2a resulted in increased expression 

of E-cadherin and consequent reduction of EMT. Considering our finding of a link 

between ZIP6 and ZIP7 in the regulation of the EMT-like behaviour of TamR (Figure 7.1) 

and what has been found in previous papers regarding the role of CK2 in EMT, all this 

data highlights once again how the increased activation of ZIP7 mediated by CK2 in TamR 

cells drives the invasive and aggressive phenotype of these cells. In this respect, it is also 

interesting to notice that data within this current project has discovered that CK2 bound 

also ZIP6, which further corroborate the discovery of the link between ZIP6 and ZIP7 in 
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driving EMT in TamR cells. Whether CK2 is essential for the activation of ZIP6 is not clear 

yet, but further work could help us dissect this mechanism. 

 

Because of the involvement of CK2 in tumorigenesis (Trembley et al., 2009), the 

use of CK2 inhibitors has become established in the treatment of cancer in the last few 

years, and the CK2 inhibitor CX-4945 was shown to exert anti-proliferative effects on 

haematological tumours and other cancer cell lines in vitro (Siddiqui-Jain et al., 2010; 

Zanin et al., 2012; Chon et al., 2015), but also in xenograft models of prostate cancer 

(Pierre et al., 2011). Another study on adenocarcinoma epithelial cells stimulated with 

TGFb1 and treated with CX-4945 has induced reduction of the invasive properties of the 

cells via downregulation of EMT genes and matrix metalloproteinases 2 and 9 (Kim & 

Hwan Kim, 2013), members of a family of zinc binding proteins (Nagase & Woessner, 

1998). Interestingly, there is evidence that stimulation of a cell line of mouse mammary 

gland with TGFb1 induced a 5-fold increase of ZIP6 transcript level (Brethour et al., 

2017). Moreover, TGFb1 was shown to be a downstream target of STAT3 (Liu et al., 

2014), and since ZIP6 expression was demonstrated to be driven by STAT3 (Yamashita 

et al., 2004), this evidence further supported our discovery of the ZIP6-ZIP7-mediated 

EMT mechanism. The CK2 inhibitor CX-4945 was also demonstrated to be internalised 

in drug-resistant cells and to induce cell death (Zanin et al., 2012). Lastly, CX-4945 is 

currently in clinical trials in combination with other chemotherapy drugs to treat 

cholangiocarcinoma, a form of bile ductal cancer (ClinicalTrials.Gov Identifier: 

NCT02128282). The use of CK2 inhibitors to prevent the activation of ZIP7 could have a 

significant impact on stopping the activation of several downstream pathways that drive 

tamoxifen-resistance, and therefore reducing the aggressiveness of this breast cancer 

phenotype. A preliminary investigation in our group using the CK2 inhibitor CX-4945 

(Siddiqui-Jain et al., 2010) has given promising results at reducing the growth rate of 

TamR cells (data not shown). This now needs to be investigated in more depth, as it 

could provide a new therapy in the treatment of aggressive and metastatic breast cancer 

which no longer responds to tamoxifen due to the acquirement of resistance mediated 

by the increase activation of ZIP7. 
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7.1.4 The role of ZIP7 in a model of FaslodexÒ-resistant breast cancer 
Patients who relapse from tamoxifen or aromatase inhibitor treatment are 

normally treated with a pure anti-oestrogen called fulvestrant (FaslodexÒ) (Robertson 

et al., 2014). Nevertheless, development of resistance to this treatment represents an 

issue in therapy, similar to that seen for tamoxifen (Huang et al., 2017). For this reason, 

another model of anti-hormone resistant breast cancer has been developed in our 

group. This was represented by FaslodexÒ-resistant MCF-7 cells, named FasR 

(McClelland et al., 2001). Similar to that discovered for TamR cells, it was seen that this 

cell line exhibited a more aggressive phenotype in comparison to the parental MCF-7 

cells. FasR cells displayed increased expression of the EGFR receptor, together with 

deletion of the ER receptor as a downstream effect induced by the action of the pure 

anti-oestrogen fulvestrant (McClelland et al., 2001). Furthermore, these cells had 

increased migration and invasion which relied on the overexpression of the tyrosine 

kinase c-Met receptor (Hiscox et al., 2006b). Overexpression of c-Met is associated with 

higher tumour stage, which involves increased lymph nodes involvement, a marker of 

tumour aggressiveness (Lengyel et al., 2005). Increased expression of c-Met in FasR cells 

was accompanied by increased activation of Src, AKT and ERK1/2, similar to that seen in 

the TamR cells (Hiscox et al., 2006b). Increased activation of these pathways could be a 

result of increased cytoplasmic zinc in this model of FaslodexÒ resistance, as pathways 

such as AKT and ERK1/2 are downstream of ZIP7-mediated zinc release (Nimmanon et 

al., 2017). 

 

Evidence from both preclinical and clinical studies have now recognised the 

activation of these pathways as the mechanism underlying the development of 

resistance to fulvestrant (Huang et al., 2017). For this reason, treatment of ER-positive 

HER2-negative and ER-positive HER2-positive breast cancer has been expanded to 

include both anti-hormone agents together with agents targeting these downstream 

pathways (Nathan & Schmid, 2017). This combined therapy seems promising to enhance 

the anti-tumour response of anti-hormone drugs, as well as delaying the acquirement 

of endocrine resistance (Boér, 2017). However, this combined treatment still has a lot 

of limitations due to the great heterogeneity of endocrine resistance in vivo (Miller & 

Larionov, 2010; Razavi et al., 2018). This issue has already been reported in studies in 

vitro. For example, a study in our group has shown that a model of long-term resistance 
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of FasR cells called FasRL, which better reflected the clinical spectrum, lost a significant 

proportion of EGFR expression (Nicholson et al., 2007) and all of the HER2 receptors 

(Gee et al., 2011). This event led to the development of a different phenotype in 

comparison to its parental model of short resistance (FasR). Conversely, FasR cells were 

discovered to exhibit an increased expression of HER2 (also known as ErbB2) receptors 

in comparison to MCF-7 cells (McClelland et al., 2001), confirming that a long exposure 

to the anti-hormonal drug resulted in changes to the cell phenotype. Nevertheless, 

clinical data showed that patients with anti-hormone relapse did not have an obvious 

increase of ErbB2 receptor, suggesting that the duration of the treatment can influence 

the activation and response to growth factor signalling and modulate the outcome of 

endocrine therapy efficacy (Gee et al., 2011). The lack of specific biomarkers that could 

predict fulvestrant response outcome remains a limitation in therapy. 

 

For this reason, the present study has expanded the previous discovery of the 

involvement of zinc transporter ZIP7 in driving the aggressiveness of the tamoxifen-

resistant breast cancer model (Taylor et al., 2008) to the model of FalsodexÒ resistance. 

Although a previous study had already shown that ZIP7 expression was significantly 

increased in the MCF-7 model of FaslodexÒ resistant (Taylor et al., 2007), no one had 

investigated the zinc status of this cell line. In this thesis it was shown that, as previously 

discovered for TamR cells, FasR cells also had a significant increase of intracellular zinc 

in comparison to the parental MCF-7 cells. Despite the increase of intracellular zinc, it 

was interesting to notice that in comparison to the TamR model, this cell line did not 

show increased activation of ZIP7. This was accompanied by no significant increase in 

the activation of downstream pathways such as AKT and MAPK, and in particular 

showed a significant decrease of MAPK activation in comparison to MCF-7 cells. This 

project proposed the possibility that the difference seen in the activation of AKT 

between TamR and FasR cells was due to the high expression in the FasR cells of the zinc 

transporter ZnT1, the only zinc transporter on the plasma membrane which exports zinc 

from the cell (Palmiter & Findley, 1995). 

 

Increased expression of the zinc transporter ZnT1 was only seen previously in 

lymphoma-gallium resistant cells in order to counteract the cytotoxicity of gallium 
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nitrate on cells (Yang, Kroft & Chitambar, 2007), which is normally used as a treatment 

for non-Hodgkin’s lymphoma (Chitambar, 2004). However, in that study the level of 

cytoplasmic zinc was not measured (Yang, Kroft & Chitambar, 2007). Conversely, 

decreased expression of ZnT1 was seen in prostate cancer (Hasumi et al., 2003) which 

showed a decrease of cytoplasmic zinc in comparison to normal prostate tissue which 

had a significantly high level of zinc (Costello & Franklin, 1998). Nevertheless, it was 

shown that zinc treatment in human prostate cancer cells resulted in increased ZnT1 

protein level (Hasumi et al., 2003). These data may indicate that the overexpression of 

ZnT1 in FasR cells may be induced by the higher level of cytoplasmic zinc discovered in 

the present study and that this event was adopted by these resistant cells to prevent 

the cytotoxicity of increased cytoplasmic zinc. ZnT1 may function by transporting zinc 

out of the cells as soon as it is released in the cytoplasm, reducing the level of activation 

of AKT. In a recent paper in our group, it was shown that the activation of AKT in MCF-7 

cells transfected with recombinant ZIP7 reached its peak between 5 to 15 minutes of 

zinc stimulation (Nimmanon et al., 2017). In this respect, the expression of ZnT1 in the 

long-term resistant model of FaslodexÒ-breast cancer resistance (FasRL) was not as 

significantly increased as in FasR cells, and this could explain why FasRL cells showed a 

slight increase in both AKT and MAPK activation in comparison to FasR cells, although 

not significant. 

 

The clinical assessment of the “Cell Signalling Series” showed direct association 

between pZIP7 HScore and active MAPK signalling. As it was revealed that FasR cells had 

no significant increased activation of pZIP7 in comparison to the parental MCF-7 cells, 

this would corroborate this finding, as MAPK was demonstrated to be downstream of 

ZIP7 activation (Nimmanon et al., 2017). Nevertheless, the decrease of activated MAPK 

in vitro discovered in this study did not match with that seen in the literature, where 

increase of EGFR, HER2 and MAPK activity was discovered to be a common characteristic 

that contributed to fulvestrant resistance (Massarweh et al., 2006; Frogne et al., 2009). 

However, there was also evidence of models of fulvestrant resistance that did not 

belong to this category, as they showed that fulvestrant resistance was not associated 

to increase of HER2 expression (Larsen et al., 1999), and as suggested by our model of 

long-term resistant of FasR which lost a large proportion of EGFR (Nicholson et al., 2007) 
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and all of the HER2 receptors (Gee et al., 2011). In this respect, it was interesting to 

notice that clinical assessment of pZIP7 showed a significant direct association with 

ErbB2 receptor, which could help us explain the results obtained in this study for 

pMAPK, as FasR cells were discovered not to have increased pZIP7, and ErbB2 is 

upstream of MAPK signalling (Ben-Levy et al., 1994). Moreover, the decreased activation 

of MAPK discovered in vitro in the current project was supported by a recent study that 

has investigated for the first time ER-positive breast cancer clinical samples after 6 

weeks, 6 months and beyond, of treatment with 250 mg/month of fulvestrant. In this 

paper it was discovered that biopsies of ER-positive breast cancer patients had a 

significant decrease of MAPK phosphorylation by 6 months of fulvestrant treatment 

(Agrawal et al., 2016). Decrease of activated MAPK signalling could contribute to the 

anti-proliferative effect of fulvestrant, considering the cross-talk between the ER and 

MAPK signalling (Gee et al., 2003; Massarweh et al., 2006). 

 

Additionally, the oestrogen receptor is phosphorylated at Ser118 by MAPK 

(Britton et al., 2006). Therefore the fall seen in pMAPK could be responsible for the 

decrease of ER phosphorylation seen in some patients treated with fulvestrant (Agrawal 

et al., 2016). The decrease of MAPK signalling would be potentially a benefit in therapy; 

but in vitro analyses of the FasR models have shown that, with additional exposure to 

FaslodexÒ, cells begin to restore MAPK activation (McClelland et al., 2001; Massarweh 

et al., 2006). This was also confirmed by evidence that biopsies of ER-positive breast 

cancer patients at relapse had a moderate pMAPK recovery (Agrawal et al., 2016). 

Whether this is due to zinc needs to be investigated further, however our data suggested 

that the decrease in ZnT1 expression and the slight increase of pZIP7 signalling in the 

long-term model of FaslodexÒ-resistance (FasRL) may be used by these cells to contrast 

the anti-proliferative effect of fulvestrant and contribute to the fulvestrant resistance in 

therapy. 

 

Despite highlighting the huge complexity of endocrine resistance, this study has 

revealed that activation of ZIP7 plays a pivotal role in the mechanism of endocrine 

resistance to tamoxifen, while suggesting that FaslodexÒ-resistance relies on other 

mechanisms in addition to zinc, which need to be expanded. However, the current study 
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has demonstrated that a higher increase in intracellular zinc and ZIP7 expression is a 

characteristic which is common of anti-hormone resistance models in vitro. Moreover, 

evaluation of pZIP7 in a clinical series of breast cancer samples revealed that activation 

of ZIP7 was evenly expressed in tumours compared to normal tissue and it hinted that 

pZIP7 is enriched in tumours which are HER2-positive and have active MAPK signalling, 

implying that pZIP7 is a good indicator of poor outcome in relation to endocrine 

resistance. Having developed a phospho-ZIP7 immunoassay, this now needs to be tested 

and supported by further clinical data, due to the high heterogeneity of breast cancer 

samples both in vivo and in vitro, which is one of the main limitations of this area of 

study. It is really important to extend the investigation at different relapse stages, 

considering the significant variability discovered in vitro between models of early and 

late resistance. While endocrine resistance is still a current unmet need in clinics, this 

study has brought new insight into this matter, which can help researchers to finally 

pinpoint its intricate framework. 

 

7.2 ZIP6 or ZIP10 antibody treatment on cancer cell lines inhibits cell growth 
and mitosis in vitro 

 One of the mainstays of cancer cells is their uncontrolled cell growth which relies 

above all on deregulation of cell cycle controls. It is for this reason that a number of 

drugs targeting the cell cycle have been developed, most of which are currently being 

investigated by clinical trials (Asghar et al., 2015; Velic et al., 2015; O’Connor, 2015; 

Sherr, Beach & Shapiro, 2016). Despite the proven efficacy of these drugs, one of the 

most common problems related to their use is the lack of specificity to cancer cells which 

results in harm to normal cells. Therefore, the main goal of researchers nowadays is to 

develop targeted therapies which exploit the molecular differences of cancer cells in 

order to reduce side effects on healthy cells (Sherr & Bartek, 2017). The overall aim of 

targeted therapies is to diminish cytotoxicity on normal cells. Finding specific traits of 

cancer cells is crucial in the management of cancer treatment. 

 

7.2.1 Current drugs targeting the cell cycle and their limitations 
Many of the current drugs targeting the cell cycle are cyclin dependant kinase 

(CDK) inhibitors, as CDKs are molecules essential for the progression of the cell cycle. 

Among these, we find the CDK4 and CDK6 inhibitors, such as ademaciclib, palbociclib, or 
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ribociclib (Fry, Harvey & Keller, 2004; Kim et al., 2013; Gelbert et al., 2014; Sherr, Beach 

& Shapiro, 2016), which induce G1 phase arrest in tumour expressing the protein 

retinoblastoma, a tumour suppressor gene which has important implications in different 

cancers and which is phosphorylated by these two kinases (Meyerson & Harlow, 1994; 

Matsushime et al., 1994). One of these inhibitors, palbociclib was recently approved by 

the USA Food and Drug Administration for its use in the treatment of ER-positive HER2-

negative breast cancer in combination with an aromatase inhibitor, having shown the 

ability to extend relapse-free survival in women with advanced disease, without 

showing excessive toxicity (Finn et al., 2015). Nevertheless, this agent alone was found 

to have limited activity, in comparison to its administration with an aromatase inhibitor 

and therefore, the co-administration of the two drugs was reported to be more effective 

at arresting breast cancer progression (Finn et al., 2015). The limited activity of some of 

these agents alone represents one limitation of these drugs, together with their inability 

to act on tumours which lack functional retinoblastoma as they become resistant to 

them (Knudsen & Witkiewicz, 2017). 

 

Another strategy is to target the S phase of the cell cycle. One of the hallmarks 

of cancer development is the large amounts of mutations that occur during the 

malfunction of DNA repair mechanisms. This event forces cells to undertake suboptimal 

mechanisms to preserve their genome integrity (Jackson & Bartek, 2009). One of the 

main causes of the failure of this mechanism is that during tumorigenesis cancer cells 

exhibit oncogenes overexpression and tumour suppressors downregulation, leading to 

replicative stress (Hills & Diffley, 2014). Under normal conditions, replicative stress is 

tightly controlled by the ATM/ATR kinases which activate the repair machinery and 

prevent proliferation of tumour cells (Shiloh, 2003; Cimprich & Cortez, 2008). Mutations 

of these kinases are well tolerated in cancer, as resistance to genotoxic treatment is 

often associated with increased DNA damage repair (Weber & Ryan, 2015). For this 

reason, drugs which inhibit these kinases have now been clinically tested for cancer 

treatment, in combination with chemotherapy or radiotherapy (Velic et al., 2015). 

However, one of the main shortcomings of this strategy is that mutations of the DNA 

damage repair mechanism leads to further mutations, making their use less viable (Sherr 
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& Bartek, 2017). Specific biomarkers which could predict the likelihood of benefit from 

this treatment are therefore needed. 

 

7.2.2 The benefit of ZIP6 and ZIP10-directed antibodies as antimitotic drugs 
Drugs interfering with the G2/M phase checkpoint commonly target the 

Aurora A and PLK1 kinases, which are essential for the activation of the complex 

between CDK1 and cyclin B1 (Nigg, 2001; Keen & Taylor, 2004). These developed drugs 

are yet to show therapeutic clinical efficacy in solid tumours, primarily due to their 

inability to discern between normal and cancer cells (Huang et al., 2009; Dominguez-

Brauer et al., 2015). Similarly, the well-known vinca alkaloids and microtubule disrupting 

agents which have been used for a long time in cancer treatment also present some 

shortcomings, including the high sensitivity of normal cells to these agents (Van Vuuren 

et al., 2015). Moreover, these agents are limited by their failure to induce apoptosis 

shortly after their induced mitotic arrest (Huang et al., 2009). This mechanism seems to 

rely on the ability of cancer cells to escape death by mitotic slippage, a mechanism that 

makes cells bypass apoptosis and exit mitosis without undergoing cytokinesis and then 

enter G1 again in a tetraploid state (Rieder & Maiato, 2004; Gascoigne & Taylor, 2008; 

Orth et al., 2008). Although cells which undergo mitotic slippage eventually die through 

alternative pathways, there is still a great percentage of cells which re-enter the cell 

cycle (Balachandran & Kipreos, 2017). In a recent review, it was argued that there are 

currently no antimitotic agents which prevent the occurrence of mitotic slippage (Sherr 

& Bartek, 2017). For this reason, it was speculated that targeting the exit of mitosis, by 

targeting molecules such as cyclin B1 and CDC20, would be a better target than spindle 

assembly (Huang et al., 2009). However, none of the current literature have addressed 

the implication of zinc in the regulation of cell division. As discussed in Chapter 1, zinc is 

essential for the progression of the cell cycle. Zinc is required for DNA synthesis (Prasad 

& Oberleas, 1974; Chesters, Petrie & Vint, 1989; Chesters, Petrie & Travis, 1990; 

Watanabe et al., 1993), for the transition of cell through the G2/M phase (Chesters & 

Petrie, 1999; Li & Maret, 2009) and for mitosis (Beyersmann & Haase, 2001). However, 

it was not until our group’s recent discovery of the mechanism by which ZIP6 and ZIP10 

regulates the G2/M transition that the role of zinc in the regulation of the cell cycle is 

finally starting to be understood. The discovery of the ZIP6-ZIP10 heteromer on the 

plasma membrane as an essential trigger for the zinc influx necessary for mitosis (Taylor 



 223 

et al, unpublished) has provided new exciting targets for the treatment of 

hyperproliferative diseases such as cancer, which could overcome some of the 

limitations of the current antimitotic drugs available, by reducing the chance of cells 

escaping cell death by mitotic slippage. 

 

The most important finding of this present study was that the use of N-terminal 

specific ZIP6 and ZIP10 antibodies enabled the prevention of cell division in different 

cancer cell lines by blocking the zinc influx necessary to trigger mitosis. The benefit of 

targeting ZIP6 and ZIP10 is that these zinc transporters are expressed as pro-proteins in 

the endoplasmic reticulum and only available on the plasma membrane just before 

mitosis (Hogstrand et al., 2013, Taylor et al, unpublished). Therefore, targeting the ZIP6-

ZIP10 heteromer would limit the side effects of these agents and this treatment would 

potentially target specifically cells with an increased proliferation rate, such as cancer 

cells. Moreover, both ZIP6 and ZIP10 have been associated with epithelial to 

mesenchymal transition (EMT) (Yamashita et al., 2004; Kagara et al., 2007; Unno et al., 

2009; Hogstrand et al., 2013; Taylor et al., 2016; Brethour et al., 2017), a mechanism by 

which epithelial cells acquire invasive and migratory properties to become 

mesenchymal cells, a typical hallmark of cancer (Kalluri, 2009). Both of these zinc 

transporters were discovered to be overexpressed in metastasis and targeting them 

would therefore have the additional benefit of preventing cancer spread from its initial 

surroundings. Since it was established that one of the main weaknesses of the current 

antimitotic drugs is the high chance of cells escaping cell death by mitotic slippage 

(Balachandran & Kipreos, 2017), it was suggested to target the exit of mitosis rather 

than the spindle assembly (Huang et al., 2009). Evading mitotic slippage would be 

possible by targeting ZIP6 and ZIP10 as cells would be targeted before their entry into 

mitosis. There is a high chance that if blocked at the G2/M phase, cells would undergo 

apoptosis, and eventually die. This was supported by the evidence discovered in this 

study that cells showed a drastic decrease in cell growth after being treated with the 

ZIP6 or ZIP10 antibodies for a few days, therefore ruling out the possibility of cells re-

entering the cell cycle. 
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Although data within this current project did not show any sign of apoptosis 

following a short-term cancer cell treatment with either ZIP6 or ZIP10 antibody, 

preliminary results in our group have demonstrated that cancer cell lines treated with 

the ZIP6 or ZIP10 antibody over a period of four weeks resulted in the complete 

cessation of cell growth followed by cell death (Taylor et al, unpublished). Furthermore, 

this investigation confirmed that when treated with one of these antibodies, cells were 

arrested prior to mitosis, most likely in G2, and were no longer able to progress through 

mitosis. A previous study demonstrated that zinc is required by the phosphatase Cdc25C 

to activate CDK1 and consequently meiotic entry (Sun et al., 2007). This last study 

showed by mass spectrometry analysis that the Cdc25C is a metalloprotein binding zinc, 

and treatment with TPEN, a zinc metal chelator, was demonstrated to strip zinc away 

from the phosphatase, which compromised the ability of Cdc25C to dephosphorylate 

and activate the complex of cyclin B1/CDK1. Moreover, investigation within this current 

project of the protein kinase PLK1, which acts upstream of Cdc25C (Roshak et al., 2000), 

has revealed a significant decrease of protein level of PLK1 in the antibody-treated 

samples in comparison to samples synchronised in mitosis with nocodazole. The peak 

level of PLK1 expression culminates during mitosis (Petronczki, Lénárt & Peters, 2008) 

and not surprisingly increased expression of PLK1 is found in several human tumours 

(Eckerdt, Yuan & Strebhardt, 2005). While there are no investigations of the direct 

involvement of zinc in the expression of PLK1, one study has demonstrated that cells 

deprived of serum resulted in a significant decrease of PLK1 mRNA expression (Holtrich 

et al., 1994). This was argued to be due to the lack of growth factor. However, cells 

deprived of serum are also zinc-deficient and no effort was made to replenish the zinc. 

This evidence, together with the requirement of zinc for the ability of Cdc25C to regulate 

the entry of cells into mitosis, suggested that blocking the ZIP6/ZIP10-mediated zinc 

influx induced by treatment with specific ZIP6 or ZIP10 antibodies prevents the 

downstream activation of CDK1. Consequently, this treatment prevents the activity of 

the complex between cyclin B1 and CDK1 which results in failure of mitotic entry (Figure 

7.2). 

 

Other evidence that the use of the ZIP6 and ZIP10 antibodies stops cells prior to 

mitosis was demonstrated in this thesis by the significant decrease of cyclin B1 found in 
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antibody-treated cells. Not only did the expression of cyclin B1 increase normally during 

the G2/M transition, but cancer cells treated with antimitotic drugs such as taxol also 

showed normal accumulation of cyclin B1 (Ling et al., 1998) due to the failure of the 

APCCDC20 ubiquitin ligase to degrade cyclin B1 during anaphase (Sherr & Bartek, 2017). 

Conversely, this current investigation showed that cyclin B1 is significantly reduced as a 

consequence of cell cycle arrest prior to mitosis when cells are treated with ZIP6 or ZIP10 

antibody. 

 

Therefore, this thesis has speculated that the mechanisms by which ZIP6 and 

ZIP10 prevents the cell entry into mitosis is by blocking the zinc necessary to trigger the 

activation of the axis of PLK1/Cdc25C responsible for the activation of the complex 

between cyclin B1 and CDK1, which is essential for the progression of cells through the 

G2 to M phase of the cell cycle (Figure 7.2). 
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Figure 7.2 Mechanism of mitosis inhibition induced by ZIP6 or ZIP10 antibody treatment. 
The use of N-terminal ZIP6 or ZIP10-directed antibodies is able to block the zinc influx to trigger mitosis 
mediated by the ZIP6-ZIP10 heteromer. Blocking this zinc influx results in the decreased protein level of 
PLK1 and in failure of Cdc25C to activate the complex of cyclin B1 with CDK1, which prevents mitotic entry.  
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7.2.3 The potential for ZIP6 and ZIP10 antibodies as a novel immunotherapy 
Dated at 2017 there were 15 monoclonal antibodies approved by the Food and 

Drug Administration (FDA) for treatment of solid tumours, and many others are under 

clinical trials, emphasising the efficacy and potential success of this type of treatment 

(Chiavenna, Jaworski & Vendrell, 2017). The new findings of this project are extremely 

promising as ZIP6 and ZIP10-directed antibodies could offer a better alternative to 

current anti-mitotic drugs and other drugs targeting the cell cycle which still have several 

limitations in the clinic (Sherr & Bartek, 2017). Whether this treatment also has some 

limitations will not be ascertained before animal tests are available. However, there is 

some promising evidence that their use in vivo could be successful. In fact, a novel LIV-

1 antibody conjugated with a cytotoxic agent has already been developed to target ZIP6 

on the plasma membrane of ER-positive breast cancer cells (Sussman et al., 2014). SGN-

LIV1A is a LIV-1 humanised monoclonal antibody conjugated with monomethyl 

auristatin E, a microtubule disrupting agent. This novel antibody was confirmed to be 

internalised and to give cytotoxicity in vitro and antitumor activity in vivo (Sussman et 

al., 2014). SGN-LIV1A is currently in phase I and II clinical trials for its use in the 

treatment of metastatic breast cancer, including patients with triple negative breast 

cancer, having shown good tolerability in patients (Tray, Adams & Esteva, 2018). SGN-

LIV1A is an example of an antibody-drug conjugate (ADC), an effective therapy 

treatment that takes advantage of the specificity of a monoclonal antibody to deliver a 

cytotoxic agent (Beck et al., 2017). For this reason, ADCs are often considered to be 

more effective than delivering a naked antibody (Sassoon & Blanc, 2013). For example, 

it was shown that the antitumor efficacy of SGN-LIV1A was higher in xenograft models 

of tissue expressing a higher level of LIV-1, showing significant tumour regression 

(Sussman et al., 2014). Most interestingly, SGN-LIV1A activity was found to be well-

tolerated without any serious side effects. Furthermore, Sussman et al showed that LIV-

1 (ZIP6) is highly expressed not only in breast cancer but also in melanoma, prostate, 

ovarian and uterine cancer, having a limited frequency in normal tissues (Sussman et al., 

2014). This finding suggests the possibility of ZIP6 as a target for the treatment of a 

variety of cancers. However, this paper did not show any efficacy when using the naked 

antibody in vitro to high LIV-1 expressing cell lines, such as MCF-7. This finding conflicts 

with that in the current thesis, therefore it is speculated that this could be due to the 

different epitope recognised by that antibody in comparison to ours. While the epitope 
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of the antibody used for the SGN-LIV1A antibody-drug conjugates comprises all of the 

ZIP6 N-terminal domain from residue 1 to 329 (Sussman et al., 2014), our ZIP6 Y antibody 

recognises a smaller epitope after the PEST cleavage site of the N-terminus (residues 

238-254). Our group demonstrated that ZIP6 undergoes a proteolytic cleavage at the N-

terminal domain before it relocates on the plasma membrane (Hogstrand et al., 2013). 

Therefore, that part of the N-terminus would have been cleaved off by the time ZIP6 is 

located on the plasma membrane prior to mitosis. This is corroborated by previous 

investigation in our group using a different antibody whose epitope resides at the 

beginning of the ZIP6 N-terminus (ZIP6 M, epitope 93-107, see Figure 2.2), which was 

not able to recognise mitotic ZIP6 but only pre-mitotic ZIP6. Furthermore, when tested 

for mitosis inhibition, the ZIP6 M was discovered to not be effective at preventing 

nocodazole-induced cell division (Nimmanon, 2016). For this reason, we speculate that 

our ZIP6 Y antibody may be more specific than the one used for the SGN-LIV1 conjugate. 

If this is the case, our naked antibody could be effective in vivo as well, as it has only 

been tested in vitro to date. However, this can only be confirmed by data from animal 

work, which is currently in the planning stage. If our naked ZIP6 antibody is found to be 

effective in vivo, it could have the additional benefit of reducing the side effects of 

cytotoxic agents which target the microtubules, the limitations of these agents having 

already been discussed in this chapter. Overall, it is important to highlight that this 

study, together with what was discovered by Sussman et al has confirmed the suitability 

of ZIP6 as a novel target for cancer therapy and has confirmed the likelihood of 

tolerability in vivo. 

 

7.3 Downregulation of ZIP6 results in upregulation of ZIP10 
The discovery that ZIP6 and ZIP10 form a heteromer has brought new insight into 

the understanding of how the members of the ZIP family work (Taylor et al., 2016). Our 

group have shown that this heteromer is essential in providing the zinc necessary for 

cell division (Taylor et al, unpublished), but previous studies have also demonstrated 

how these zinc transporters are both involved in epithelial to mesenchymal transition, 

an essential step in metastasis (Yamashita et al., 2004; Unno et al., 2009; Lue et al., 2011; 

Hogstrand et al., 2013; Taylor et al., 2016; Brethour et al., 2017). Moreover, it was 

shown that ZIP6 forms a heteromer with ZIP10 and that this heteromer interacts with 

the protein NCAM1, a focal-adhesion protein, revealing that the expression of ZIP6 is 
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dramatically increased during EMT (Brethour et al., 2017). This data emphasises the 

important role played by this heteromer in cell adhesion and migration, and Ulms et al 

therefore expanded this study to investigate the role played by ZIP6 in EMT and its 

interaction with NCAM1 by using a model of ZIP6 knockout cells. NMuMg cells were 

selected as host of the CRISPR-Cas9, and this cell line has been a precious tool for our 

group to study the effect of ZIP6 downregulation in mitosis regulation, which has not 

been investigated before. 

 

In this thesis it was demonstrated how downregulation of ZIP6 had a significant 

impact on the growth of the ZIP6 knockout cell line in comparison to the corresponding 

wild type, which expresses both transporters. This result confirmed the important role 

played by ZIP6 in regulating cell growth, in particular of mitosis. Additionally, the ZIP6 

knockout cell line was discovered to have a significant decrease of cytoplasmic zinc 

when compared to the parental wild type. These cells had also an increased ZIP10 

protein level allowing speculation that increased ZIP10 levels had somehow been able 

to compensate for loss of ZIP6. Together, this data corroborated the synergy of ZIP6 and 

ZIP10 zinc transporters and confirmed their essential role in controlling zinc homeostasis 

and cell growth by acting as a heteromer. Because many studies have already suggested 

the similarities of these two zinc transporters, both in their structure and function 

(Taylor & Nicholson, 2003; Kambe et al., 2006; Taylor et al., 2007; Kong et al., 2014; 

Taylor et al., 2016), the ZIP6 interactome was studied in a recent study, confirming once 

again that ZIP6 interacts with ZIP10 and no other ZIP transporters (Brethour et al., 2017). 

Furthermore, in this paper it was also demonstrated that ZIP6 and ZIP10 are co-

regulated, meaning that the expression of one influences the expression of the other, 

which is typical of proteins which are part of a subunit complex. Previously, it was seen 

that ZIP10 downregulation in zebrafish embryos results in upregulation of ZIP6 mRNA 

(Taylor et al., 2016). The interdependency of these two zinc transporters was further 

confirmed in this thesis by the evidence that the opposite was also true. In fact, ZIP6 

downregulation in the knockout cell model resulted in a three-fold upregulation of ZIP10 

(see Chapter 5). 
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The evidence that ZIP10 was upregulated in the ZIP6 knockout cells raised the 

question of whether ZIP10 acted as a homodimer or interacted with another member 

of the ZIP family in order to cope with the lack of ZIP6. Despite the crystal structure of 

the ZIP6-ZIP10 heteromer not being currently available, it is interesting to speculate that 

ZIP10 may form a homodimer to counteract the lack of ZIP6. This would not be 

unprecedented in the ZIP family, as a recent investigation which discovered the first 

crystal structure of the ectodomain of a ZIP member, has shown that the ectodomain of 

ZIP4 forms a dimer at the PAL structure, which is predicted to have a role in optimal zinc 

mobilisation (Zhang, Sui & Hu, 2016). This investigation also unveiled that this dimeric 

structure is a common feature of the members of the LIV-1 subfamily for proper zinc 

transport. This characteristic is shared also by the zinc exporters ZnT, which are known 

to form homodimers (reviewed by Kambe et al., 2015), with the exception of ZnT5 which 

forms a heterodimer with ZnT6 (Fukunaka et al., 2009). It was exciting to discover that 

these ZIP6 knockout cells had also a significant decrease of cytoplasmic zinc which 

explained the decreased growth rate observed when comparing their cell growth to the 

corresponding wild type. Since ZIP6 is required for zinc mobilisation from the plasma 

membrane (Taylor et al., 2003), ZIP10 may form a homodimer to counteract the lack of 

ZIP6 and restore proper zinc homeostasis. Nevertheless, transient downregulation of 

ZIP10 in the ZIP6 knockout model revealed that these cells were still able to grow, 

although exhibiting a slower growth rate compared to the control. Another hypothesis 

explaining why the ZIP6 knockout cells can still grow would be that another ZIP 

transporter may be involved in the mobilisation of zinc from the plasma membrane 

together with ZIP10. As shown in the phylogenetic tree in Figure 1.3, the closest 

homologues to ZIP6 and ZIP10 is the zinc transporter ZIP5, which is on the same branch 

as these two. Interestingly, ZIP6, ZIP10 and ZIP5 share a common ancestor with the prion 

protein, a protein involved in neurogenerative diseases which undergoes several 

proteolytic cleavages similar to these zinc transporters (Schmitt-Ulms et al., 2009; 

Ehsani et al., 2011). While the study of the ZIP6 interactome did not show any direct 

interaction between ZIP5 and ZIP6 (Brethour et al., 2017), a more recent paper has now 

revealed the potential for ZIP10 to interact with ZIP5 (Huttlin et al., 2017). To date, there 

is no evidence that ZIP5 can form a heteromer like ZIP6 and ZIP10, as it was confirmed 

that the ectodomain of ZIP5 forms an a-helical dimeric structure similar to that of the 
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prion protein (Pocanschi et al., 2013). Moreover, while the cell-surface-localisation of 

most ZIP transporters such as ZIP4 and ZIP10 increases in zinc depletion condition 

(Dufner-Beattie et al., 2003; Lichten et al., 2011), this does not happen for ZIP5 (Wang 

et al., 2004). However, the discovery of the crystal structure of the member of the ZIP 

family would help us answer this query. 

 

Furthermore, this present study has further confirmed the link between ZIP10 

expression and STAT3. ZIP6 expression was already known to be transcriptionally 

regulated by STAT3 (Yamashita et al., 2004; Taylor et al., 2003), and more recently, it 

was discovered that ZIP10 is also transcriptionally regulated by this molecule (Miyai et 

al., 2014). Knockdown of ZIP10 in zebrafish embryos resulted in upregulation of not only 

ZIP6, but also of STAT3 mRNA (Taylor et al., 2016). Moreover, downregulation of either 

ZIP6 or ZIP10 resulted in EMT inhibition, explaining their non-redundant requirement 

for this event. Therefore, it was argued that the increased expression of ZIP6 and STAT3 

mRNA was used as a compensatory mechanism to counteract the loss of ZIP10 (Taylor 

et al., 2016). This is similar to what is speculated in the current study. Nevertheless, 

although this study did not show a significant increase of total STAT3 in the ZIP6 

knockout model, it did show a significant increase of the serine S727 phosphorylation of 

STAT3 and an increase in tyrosine Y705 phosphorylation, albeit not significant. A 

previous study has shown that nocodazole induced cells displayed a decrease in 

pTyr705STAT3 and increase of pSer727STAT3, suggesting a role for the serine 

phosphorylation of STAT3 in the regulation of mitosis, as inhibition of serine 

phosphorylation of STAT3 by using an alanine-substituted mutant resulted in inhibition 

of the mitotic arrest induced by nocodazole (Shi et al., 2006). Also our group have 

demonstrated that the zinc influx induced by the ZIP6-ZIP10 heteromer is responsible of 

the switch of pTyr705STAT3 to pSer727STAT3 in mitosis (Taylor et al, unpublished). The 

discovery that the ZIP6 knockout cells had an increased level of pSer727STAT3 in basal 

conditions, which was not accompanied by a decrease of pTyr705-STAT3, would 

corroborate the hypothesis that the overall increased protein level of activated STAT3 

in the knockout model was a mechanism used by these cells to regulate ZIP10 expression 

in order to cope with the lack of ZIP6. Tyrosine phosphorylated STAT3 was discovered 

to be important for the dimerization of STAT3 and its binding to DNA (Levy & Lee, 2002) 
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and it was also considered as the transcriptionally active form of STAT3. In contrast, 

serine phosphorylated STAT3 was revealed to have a certain role in cellular growth 

control (Decker & Kovarik, 2000). Constitutive active pSer727STAT3 but not constitutive 

active pTyr705STAT3 was also seen in B-cells of chronic lymphocytic leukaemia (Frank, 

Mahajan & Ritz, 1997). This event was speculated to be a mechanism acquired by cells 

in order to develop a malignant phenotype, as constitutive active pSer727STAT3 was not 

found in normal B cells. This data highlighted the importance of the serine 

phosphorylation of STAT3 in controlling cell proliferation and therefore corroborates its 

role as an oncogene (Bromberg et al., 1999). Moreover, a recent paper studying the 

antiapoptotic effect of ZIP10 in early B-cell development has shown that activation of 

STAT3 regulates ZIP10 expression (Miyai et al., 2014). Most importantly, this paper has 

also shown the potential binding sites of STAT3 in ZIP10 promoters. Taken together, it 

was speculated that the increased protein level of activated STAT3 discovered in the 

ZIP6 knockout model was a mechanism adopted by these cells in order to counteract 

the lack of ZIP6 and to maintain cell proliferation by regulating ZIP10 expression. This 

current investigation corroborated previous data that ZIP6 and ZIP10 are STAT3-

regulated genes and confirmed the interdependency of these two zinc transporters by 

playing an essential role in cell proliferation and the regulation of the cell cycle. 

 

7.4 Post-translational modification of ZIP6 
Our understanding of the mechanism of regulation of the ZIP transporters is not 

clear yet, and a lot of current research on zinc transporters is focused on deciphering 

this. The discovery that ZIP6 and ZIP10 regulate the cell cycle has brought to our 

attention that the involvement of ZIP6 and ZIP10 in mitosis might be triggered by 

phosphorylation. This hypothesis came from the established evidence that ZIP7, another 

member of the LIV-1 subfamily, is activated by CK2 phosphorylation on the long 

intracellular loop between TM III and TM IV (Taylor et al., 2012). Moreover, 

phosphorylation is known to be important in the regulation of the cell cycle as proteins 

like CDKs regulate the progression from one phase of the cell cycle to another by 

phosphorylating appropriate substrates (Lim & Kaldis, 2013). 
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7.4.1 The potential for ZIP6 to be phosphorylated by CK2 
The entire eukaryotic cell cycle, but in particular mitosis, is regulated by 

phosphorylation, as events such as formation of mitotic spindles, cessation of 

transcription/translation and condensation of chromosomes all require tight control by 

mitotic kinases (Nigg, 2001). The most compelling result of the phosphorylation chapter 

was the fact that ZIP6 binds CK2 and therefore, has hinted the possibility that CK2 is 

phosphorylating ZIP6 in mitosis. A previous study using mass spectrometry on HeLa cells 

that were synchronised at different stages of the cell cycle including mitosis by double 

thymidine block and nocodazole had identified 3181 proteins phosphorylated during 

mitosis, one of which was ZIP6, which was demonstrated to be phosphorylated in 

mitosis on residue S478 (Dephoure et al., 2008). Analysis of potential kinases 

responsible for the phosphorylation of ZIP6 revealed that residue S478 was predicted to 

be phosphorylated by the protein kinase CK2. The protein kinase CK2 is a ubiquitous 

kinase which is known to phosphorylate many substrates involved in gene regulation 

and cell growth, and the fact this its expression is significantly upregulated in cancer is 

further evidence of its implication in driving cell growth and proliferation (Guerra & 

Issinger, 1999; Pinna, 2002; Litchfield, 2003). During normal cell proliferation, CK2 

protein levels increase before returning to basal conditions, while a high level is 

maintained in cancer cells (Trembley et al., 2009). Furthermore, it was seen that 

depletion of CK2 blocked cell cycle progression in Saccharomyces cerevisiae and that 

CK2 was essential for the G1/S and G2/M phase transition (Glover, 1998). Therefore, the 

fact that the data from this thesis showed ZIP6 binding CK2 especially in mitosis, fits with 

previous studies which showed increased CK2 in cancer and cell proliferation (Trembley 

et al., 2009). While it is well established that proteins such as Aurora B, PLK1 or CDK1 

are only active during the G2/M phase, CK2 is constitutively active (Pinna, 2002) and its 

role in mitosis is therefore yet to be fully understood (Rusin, Adamo & Kettenbach, 

2017). The role of CK2 in mitosis can be defined by its role as a chromosome 

condensation regulator (Takemoto et al., 2006) and for its function in phosphorylating 

proteins such as Cdc25B and topoisomerase IIa/b (Daum & Gorbsky, 1998; Escargueil et 

al., 2000; Theis-Febvre et al., 2003). 

 

Another investigation of HeLa cells that were arrested in mitosis by using the 

microtubule disrupting agent taxol and treated with the CK2 inhibitor CX-4945 revealed 
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more than 330  phosphorylation sites in 202 proteins that are significantly decreased 

upon inhibition of CK2 (Rusin, Adamo & Kettenbach, 2017). The phosphoproteomics 

data of CX-4945-treated cells from this study did not identify either ZIP6 or ZIP10 as 

being substrates of CK2 phosphorylation in mitosis. However, this does not necessarily 

rule out the possibility of ZIP6 and ZIP10 being phosphorylated by CK2. In fact, in that 

study cells were arrested in mitosis by using taxol (Rusin, Adamo & Kettenbach, 2017), 

an agent that blocks cells at the metaphase/anaphase transition (Jordan et al., 1993). 

Therefore, it is speculated that ZIP6 could be phosphorylated by CK2, in residues other 

than S478, at a later stage of mitosis as a “switch off” mechanism to regulate the end of 

mitosis. This mechanism could regulate the degradation of ZIP6 for the progression of 

cells in G1. The phosphoproteomics investigation by Dephoure et al identified residue 

S478 to be phosphorylated in mitosis when cells were synchronised with nocodazole 

(Dephoure et al., 2008). Differently from taxol which blocks cells at the 

metaphase/anaphase transition (Jordan et al., 1993), nocodazole blocks cells in 

prometaphase (Blajeski et al., 2002), one of the first few stages of mitosis (see Figure 

1.11). Taken all together, this evidence suggested that phosphorylation of ZIP6 on 

residue S478 may be a prerequisite for following hierarchical phosphorylation induced 

by CK2 (St-denis et al., 2014), which could result in ZIP6 phosphorylation on multiple 

sites, as the data of this thesis have suggested. In fact, while the data within this current 

project could not ascertain whether CK2 phosphorylated ZIP6 on residue S478, it was 

interesting to notice that ZIP6 has several sites that are predicted to be phosphorylated 

by this kinase (see Table 6.1). 

 

7.4.2 ZIP6 is phosphorylated on multiple sites  
The investigation in this thesis has unveiled that ZIP6 could be phosphorylated 

on multiple serine and tyrosine residues. Since CK2 is known to be involved in 

hierarchical phosphorylation (St-denis et al., 2014), the initial phosphorylation of one 

residue by CK2 may be the trigger for the phosphorylation of others. Alternatively, other 

kinases may need to phosphorylate ZIP6 first before CK2 can exhibit its activity. In fact, 

the inclusion of all the residues of human ZIP6 beyond the TM III-IV cytoplasmic loop 

identified many serine, tyrosine and also threonine residues that could be 

phosphorylated not only by CK2 (see Table 6.1), but also many other kinases, confirming 

the potential of ZIP6 to be phosphorylated on multiple sites. To date there is no 
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precedence for any member of the ZIP family to be phosphorylated either on tyrosine 

or threonine residues, but this is an important feature to consider for future work on 

this area, especially in light of zinc being involved in the inhibition of tyrosine 

phosphatases (Haase & Maret, 2003). In this respect, tyrosine phosphorylation of ZIP6 

could be sustained by the ability of zinc to inhibit tyrosine phosphatases (Haase & Maret, 

2005a) and could be used as a mechanism to keep the ZIP6-ZIP10 heteromer active at 

the onset of mitosis. Although results within this current thesis were not able to clarify 

the potential of Src to phosphorylate ZIP6, the prediction of ZIP6 being phosphorylated 

by this kinase was exciting. In fact, the activity of Src kinase was demonstrated to 

increase at the G2/M phase transition and this explains why it is considered as a 

potential target in mitosis (Chackalaparampil & Shalloway, 1988; Fumagalli et al., 1994). 

Furthermore, the potential involvement of Src kinase in the phosphorylation of ZIP6 was 

interesting in light of the role of Src family of kinases in regulating EMT (Patel et al., 

2016) and coupled with the evidence found in our model of endocrine resistant breast 

cancer which exhibits increased cell motility and invasiveness accompanied by increased 

Src kinase activity (Hiscox et al., 2006c, 2006b). In this chapter it was speculated that the 

EMT-like behaviour and aggressive phenotype of the TamR cells could be due to the ZIP6 

and ZIP7-mediated zinc signalling. Considering the discovery that CK2 bound ZIP6, 

particularly in mitosis, it may suggest that tyrosine phosphorylation of ZIP6 could be 

used as a “switch on” mechanism at the onset of mitosis, whereas CK2 phosphorylation 

could be used as a “switch off” mechanism towards the end of mitosis which could lead 

to the degradation of the ZIP6-ZIP10 heteromer. This speculation is corroborated by the 

evidence that the Src family of kinases are involved in the tyrosine phosphorylation of 

CK2, which results in increased catalytic activity of CK2 (Donella-Deana et al., 2003). This 

evidence would support the hypothesis of the synergistic activity of these two kinases 

in controlling the role of ZIP6 during mitosis. However, the possibility that ZIP6 could be 

phosphorylated on multiple sites have made this investigation more complicated than 

expected, and for this reason this hypothesis now needs to be confirmed by future 

investigations. 

 

Whilst this study did not confirm a specific site for the phosphorylation of ZIP6, 

it has provided important information in helping us to decipher how ZIP6 is regulated in 
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mitosis. The discovery of the specific CK2-mediated phosphorylation sites of ZIP6 could 

lead us to develop a new monoclonal antibody directed against the phosphorylated 

form-only of ZIP6, as our group have already generated for ZIP7 (Nimmanon et al., 

2017). This would be an extremely valuable tool for future analyses of ZIP6 

phosphorylation and to investigate its role in mitosis. 

 

7.4.3 Proteolytic cleavage of ZIP6 is essential for its function 
Proteolytic cleavage is an important event undertaken by proteins in response 

to an extracellular stimulus which induces proteins to have a different conformation 

and, most importantly, a different function (Rogers & Overall, 2013). Protein cleavage is 

essential in cell biology for several functions, not merely for protein degradation. For 

example, protein cleavage is important in the activation of proteins that are initially 

expressed as inactive precursors, also referred to as pro-proteins (Shinde & Inouye, 

1993). Thus, proteolytic cleavage of pro-proteins is essential for the relocation of these 

molecules to subcellular compartments where they exhibit their action (Shinde & 

Inouye, 2000). Proteolytic cleavage is also important for the regulation of the cell cycle, 

as for example, degradation of cyclins is regulated by ubiquitin-induced proteolysis 

(Glotzer, Murray & Kirschner, 1991; Hershko, 1997). Another important proteolytic 

event in mitosis occurs by the action of the anaphase-promoting complex (APC), a 

ubiquitin-ligase which is responsible for chromosomes segregation and controlling the 

transition from metaphase to anaphase (King et al., 1996). 

 

ZIP6 is expressed as a pro-protein in the endoplasmic reticulum and it is only 

after it gets cleaved on the N-terminal domain, that it relocates to the plasma membrane 

(Hogstrand et al., 2013). The investigation within this current project has confirmed that 

the full-length of ZIP6 is typical of ZIP6 as a pro-protein, as the active form of ZIP6 during 

mitosis requires the N-terminus proteolytic cleavage, as previously confirmed by 

Hogstrand et al, 2013. Furthermore, a recent investigation in our group has also 

discovered that ZIP6 is cleaved a second time on its ectodomain at the onset of mitosis, 

suggesting that these cleavages have an important role in the ZIP6-mediated mitosis 

regulation (Nimmanon, 2016). Cleavage of the ZIP10 ectodomain during mitosis was also 

confirmed by recent data in our group which identified the presence of a cleaved 

ectodomain band which is increased in nocodazole-induced mitotic samples (data not 
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shown). Additionally, it was discovered that both ZIP6 and ZIP10 have a potential PEST 

cleavage site on the long intracellular loop between TM III and TM IV. PEST cleavage 

sites are typical of proteins with a very short half-life, often less than two hours (Rogers, 

Wells & Rechsteiner, 1986). Proteins containing PEST cleavage sites are regulated by 

proteolysis and not surprisingly many of these proteins are involved in the regulation of 

the cell cycle, such as p53 or cyclins (Rechsteiner & Rogers, 1996). This feature highlights 

the importance of the rapid turnover of proteins which regulates the cell cycle, as the 

cell cycle needs to be tightly controlled in order to prevent any aberrations occurring 

and it is also time-regulated in each different type of cells (Weber et al., 2014). 

Interestingly, since ZIP6 and ZIP10 are involved in the regulation of mitosis, which is the 

shortest stage of the cell cycle, the presence of a few PEST cleavage sites in these 

molecules highlights that they may be degraded immediately after mitosis. The 

presence of a potential intracellular cleavage site for the members of the ZIP family has 

never been investigated before. This current investigation has suggested the possibility 

of a cytoplasmic cleavage since the presence of a lower 35 kDa ZIP6 band on western 

blotting. Although the function of this cleavage has not been explored yet, it was 

speculated that this cleavage could be of a “switch off” mechanism at the end of mitosis 

to allow degradation of the protein following its increase on the plasma membrane at 

the onset of mitosis. The potential for ZIP6 and ZIP10 to undergo cytoplasmic cleavage 

may be important for their roles in mitosis and progression of cells into G1. 

 

Moreover, ZIP6, ZIP10 and ZIP5 are the three members of the LIV-1 subfamily 

that share similarities with the N-terminus sequence of the cellular prion protein (PrPc) 

(Schmitt-Ulms et al., 2009). The prion protein plays a major role in neurodegenerative 

diseases, as this protein is highly expressed in the nervous system (Prusiner, 1991). In 

the disease, the cellular prion protein (PrPc) undergoes structural modifications that 

leads to transition into its disease-causing form (PrPSc) which involves the refolding of 

its structure into b-sheets and makes it protease-resistant (Prusiner, 1998). One of the 

common features that the ZIP transporters share with the prion protein is the 

remodelling of their ectodomain caused by proteolytic cleavages. The prion protein 

undergoes three main proteolytic cleavages: an a-cleavage (Vincent et al., 2000), b-

cleavage (McMahon et al., 2001) and ectodomain shedding (Borchelt et al., 1993; 
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Altmeppen et al., 2012). Similar to that seen for ZIP6 (Hogstrand et al., 2013), also ZIP10 

undergoes a proteolytic cleavage at its ectodomain, akin to the one of the prion protein 

(Ehsani et al., 2012). In this study it was shown that ZIP10 is N-glycosylated and that its 

ectodomain is cleaved off showing a 45 kDa band on a western blot, as a result of this 

cleavage when cells were starved of transition metals. In particular, during zinc 

starvation the expression of the full-length of ZIP10 was increased (Ehsani et al., 2012), 

suggesting the importance of ZIP10 as a zinc importer located on the plasma membrane. 

This is not unprecedented, as previous studies have seen that expression of zinc 

transporters such as ZIP2 (Inoue et al., 2014), ZIP4 (Andrews, 2008) or ZIP10 (Ryu et al., 

2008) were increased in conditions of zinc starvation, highlighting the importance of 

these zinc transporters in maintaining appropriate zinc homeostasis. 

 

Investigation of the potential of presenilin to cleave ZIP6 did not confirm 

whether this protease is responsible for the cleavage of ZIP6 during mitosis. 

Nevertheless, considering the similarities between ZIP6 and ZIP10 to the prion protein 

(Schmitt-Ulms et al., 2009), it was interesting to observe that the use of a presenilin 

inhibitor perturbated ZIP6 cleavage. A previous study has discovered that presenilin is 

involved in the transcription of cellular prion protein and that the use of the presenilin 

inhibitor DAPT significantly decreased its expression (Vincent et al., 2009). Similarly, 

here it was found that the overall ZIP6 protein level of both the full length and mitosis-

activated form was affected by the use of the same presenilin inhibitor, suggesting a 

potential role for presenilin in the regulation of ZIP6 transcription, similar to that 

revealed for the prion protein (Vincent et al., 2009). Altogether these data have 

confirmed the importance of proteolytic cleavage in the regulation of ZIP6 in mitosis, 

and has provided the first evidence that presenilin may be involved in the regulation of 

ZIP6. 

 

7.5 General study limitations and future considerations 
 The data presented in the current thesis has examined the role played by ZIP7, 

ZIP6 and ZIP10 in regulating different aspects of aggressive cancer behaviour, as well as 

discussed the benefit of using them as targets for proliferative diseases such as cancer. 

However, it is worth mentioning that the follow-up of these new findings needs to take 

into consideration several aspects: 
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Ø A new immunohistochemistry assay was developed for phospho-ZIP7; however, 

this was tested in one small series of clinical materials at breast cancer diagnosis. 

Considering the widespread heterogeneity of breast cancer patients (Razavi et 

al., 2018), this assay can now be used in different series of clinical materials by 

using samples from breast cancer tissue banks which include also patients at 

relapse. This investigation would confirm the feasibility of phospho-ZIP7 as a 

biomarker of anti-hormone resistant breast cancer in vivo and could be the first 

step for future investigations aimed at targeting ZIP7 activation by using CK2 

inhibitors. 

 

Ø The data showed in this study for the mitotic inhibition was explored in 2D in 

vitro cell models, and whilst this is highly beneficial and essential for 

understanding cancer biology and discovering new molecular targets, these 

findings now need to be confirmed also in vivo. This could be attained by 

confirming whether this treatment is well tolerated in cancer animal models, and 

whether the treatment is effective at reducing the cancer growth of existing 

tumours as was achieved in vitro. The potential for a collaboration with a 

research group which has breast cancer animal models available for testing has 

already been discussed. The initial plan would be to administer the treatment via 

tail vein injection with the aim of assessing also the potential of this treatment 

to be tolerated by animals and whether it would be able to stop and reduce 

tumour growth. Further analyses would also investigate the likelihood of this 

treatment to stop metastasis. 

 

Ø The phosphorylation analysis has provided some interesting results that could 

be further investigated with the combination of other techniques such as affinity 

chromatography and mass spectrometry, due to the likely complexity of results 

suggesting involvement of multiple sites. However, this thesis project has 

unveiled the feasibility of ZIP6 knockout cells as a good setting for investigating 

ZIP6 phosphorylation by using recombinant ZIP6 proteins which now needs the 

use of multiple mutants. Collaborations with other research groups could be 

considered. In particular, our group have previously discussed the potential of a 
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collaboration with Tine Thingholm and her research group in Denmark which is 

specialised in mass spectrometry and they are interested in studying the role of 

protein phosphorylation in zinc transporters. 

 

7.6 General conclusion 
The data discussed in this thesis has confirmed the involvement of zinc signalling 

in different aspects of cancer development, in particular the establishment of a more 

aggressive phenotype. The investigation of ZIP7, ZIP6 and ZIP10 have revealed that 

these zinc transporters can be novel targets for cancer treatment. This study has linked 

for the first time the role of ZIP7 in driving the aggressive behaviour of tamoxifen-

resistant breast cancer cells together with ZIP6 by inducing epithelial to mesenchymal 

transition. Moreover, it has provided the first immunoassay for activated ZIP7 that can 

now be further investigated as a biomarker of breast cancer, considering the enrichment 

of pZIP7 in breast cancer samples in comparison to tumour associated normal breast 

tissue. Additionally, this study has highlighted the potential for ZIP7 to be targeted in 

therapy in order to prevent the progression of breast cancer, in particular the 

development of endocrine resistance, which is one of the main burdens in therapy. 

 

The discovery that N-terminal ZIP6 and ZIP10-directed antibodies were effective 

at preventing mitotic entry has unveiled new therapeutic agents for the treatment of 

proliferative diseases, such as cancer. This investigation also discovered that these two 

zinc transporters act synergically, reason why a combined therapy could be tested 

further. It is crucial to carry on the investigation on these antibodies to determine 

whether their use can be beneficial in therapy and whether they can represent better 

antimitotic agents than the ones that are currently available.
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Appendices 
Appendix 1: buffers 
 
PBS buffer: 

- K2HPO4 (di-potassium hydrogen orthophosphate anhydrous) 8 mM 

- KH2PO4 (potassium dihydrogen orthophosphate) 2 mM 

- NaCl (sodium chloride) 250 mM 

 

Permeabilisation buffer in PBS: 

- BSA (bovine serum albumin) 

- Saponin 0.4%  

 

Lysis buffer:  

- Tris Base pH 7.5 50 mM 

- EGTA (ethylene glycol tetra-acetic acid) 5 mM 

- NaCl (sodium chloride) 150 mM 

- Triton X-100 1% 

- Na3VO4 (sodium orthovanadate) 2 mM 

- NaF (sodium fluoride) 50 mM 

- Protease cocktail inhibitors 1:10 

 

Running buffer for SDS-PAGE pH 8.3 (10X) 

- Tris base 25 mM 

- Glycine 192 mM 

- SDS 0.1% 

- Distilled H20 

- HCl (hydrogen chloride) to adjust pH to 7.6 

 

Tris-buffered saline with Tween 20 (TBS-Tween) pH 7.6 (10X) 

- Tris base 100 mM 

- NaCl (sodium chloride) 1mM 

- Tween 20 0.5% 
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Transfer buffer: 

- Tris Base 120 mM 

- Glycine 40 mM 

- Distilled H20 

- Methanol 20% 

 

Laemmli sample buffer (loading buffer 4X): 

- Tris-HCl ph 6.8 120 mM 

- Glycerol 20% 

- SDS 4% 

- DTT 100 mM 

- Bromophenol blue 

 

Ponceau S: 

- Ponceau S 0.1% (w/v) 

- 5% acetic acid 

 

EndoFreeÒ Plasmid Maxi kit: 

Buffer Composition 

Buffer P1 (resuspension 

buffer) 

50 mM Tris-Cl pH 8.0, 10 mM EDTA, 100 µg/ml RNase A 

Buffer P2 (lysis buffer) 200 mM NaOH, 1% SDS (w/v) 

Buffer P3 (neutralisation 

buffer) 

3.0 M potassium acetate pH 5.5 

Buffer ER Proprietary formulation  

Buffer QBT (equilibration 

buffer) 

750 mM NaCl, 50 mM MOPS pH 7.0, 15% isopropanol 

(v/v), 0.15% TritonÒ X-100 (v/v) 

Buffer QC (wash buffer) 1.0 M NaCl, 50 mM MOPS pH 7.0, 15% isopropanol 

(v/v) 

Buffer QN (elution buffer) 1.25 M NaCl, 50 mM MOPS pH 7.0, 15% isopropanol 

(v/v) 

Buffer TE 10 mM Tris-Cl pH 8.0, 1 mM EDTA 



 281 

Appendix 2: ethics document 
 
Nottingham Research Ethics Committee 2 

Study title: Development of a molecular genetic classification of breast cancer 

REC reference: C202313 

Protocol number: N/A 

Amendment number: 2 - To include a further local study 

Amendment date: 27 April 2009 

 

 


