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ABSTRACT 

 
Prostate cancer (PCa) is the most common cancer amongst Australian men. Zinc is an 

essential metal and is vital for normal function of the prostate gland. Castrate-resistant 

prostate cancer (CRPC) is becoming increasingly resistant and treatment options are 

limited in number and often associated with poor clinical outcomes. Therefore a 

pertinent clinical issue is to develop more effective treatment regimes. 

 

Zinc appears to play a role in PCa, but a true understanding leading to therapeutic 

developments is yet to be achieved. In particular evidence regarding cell proliferation 

and zinc uptake and levels in PCa cells is conflicting. HIF1α is a well-known 

prognostic marker in PCa associated with poor prognosis, resistance to treatment and 

development of metastatic disease, however the cause over-expression in CRPC 

remains a mystery. Therefore the ability of PCa cells to uptake and store zinc, and the 

role of zinc in PCa cell proliferation, tumour growth and HIF1α mediated survival 

was investigated in this thesis.  

 

CRPC-like human PC3 cells are significantly resistant to docetaxel chemotherapy and 

overexpress HIF1α protein, compared to normal prostate epithelial control cells 

(PNT1A). Cell proliferation assays (MTT) demonstrated that physiological zinc 

administered to PC3 cells significantly slowed growth compared to normal PNT1A 

and androgen-sensitive PCa (LNCaP) cells. The effect of zinc supplementation or zinc 

chelation (by TPEN) does not affect macroscopic growth in PC3 xenograft tumours.  
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There is no significant difference in baseline total zinc concentration (measured by 

ICP-MS) between cell lines normal (PNT1A), androgen sensitive (LNCaP) and CRPC 

(DU145 and PC3) cells. However, CRPC-like PC3 cells contain significantly higher 

unbound free Zn2+ and Immunofluorescence Microscopy (IFM) subcellular 

distribution of Zn2+ in PC3 cells is unlike that seen in normal prostate epithelial cells.   

 

PC3 cells are resistant to oxidative stress injury. Zinc strongly induces HIF1α protein 

expression in these cells in a time and dose dependent manner.  Zinc mediated 

oxidative protection in PC3 cells is a HIF1α dependent as demonstrated in a PC3 

HIF1α-KD model. No such zinc protection was seen PNT1A cells. Zinc could be 

essential in the resistant nature of CRPC cells as Zn2+ ions rescue HIF1α protein 

expression and are implicated in the normoxic stabilisation of the HIF1α protein by 

competing with Fe2+ ions at the PHD binding sites. Therefore zinc dysregulation in 

CRPC cells is an important factor in the development of resistance, as well as 

potentially progression to metastatic disease and poor prognosis in PCa.  
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1.1 Zinc in Human Biology 

1.1.1 Zinc (Zn2+) The Metal 

 

Zinc (Zn2+) is an essential trace metal. It is second only to iron (Fe2+) as the most 

abundant trace metal in the human body. Zinc is central to many biological functions 

and has three major roles: structural (of proteins), regulatory and catalytic (1, 2). 

Around 10% of all proteins possess Zn2+ binding domains and require this metal for 

normal function.  It is a co-factor for over 300 enzymes and thus as an important 

transcription factor is an intracellular signalling molecule (3-5). 

 

Total body zinc content in humans’ ranges from 2 to 4 grams but the prostate gland 

has the highest amount of zinc of any soft tissue in the human body (4). Other tissues 

which contain high concentrations of zinc, but not as high as the prostate include: 

brain, muscle, bones, kidney and liver (6). Total zinc concentration in human plasma 

ranges between 9 and 16µM (7).  The majority of zinc in the blood (almost 100%) is 

bound to proteins such as albumin, or compounds (e.g. amino acids, citrate). In 

plasma only a very small proportion of zinc exists as ‘free’ (unbound) Zn2+ ions 

(~0.1-1.0nM) (8). However, a high-proportion, around 80%, of bound Zn2+ (which 

includes Zn-albumin and Zn-low-molecular weight (LMW) compounds) is loosely 

bound, therefore is more readily accessible for uptake into cells.   

 

Most mammalian cells obtain their zinc from interstitial fluid (ISF), which is 

ultimately a filtrate of plasma. In the mammalian cell, more than 90% of Zn2+ ions is 

tightly bound, thereby cellular ‘free’ Zn2+ ions are only abundant in very low, sub-
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physiological concentrations (9). Total Zn2+ concentration in mammalian cells is high 

and ranges from 100 to 500µM, but ‘free’ Zn2+ is kept within a picomolar (pM) to low 

nanomolar (nM) range. Intracellular Zn2+ is tightly controlled by a triad of complex 

homeostatic mechanisms (Figure 1.1), and will be discussed later in this review  

(Section 1.2).  

 

 

Figure 1.1 – Cellular Zinc Homeostasis Simplified  

Cellular Zn2+ homeostatic mechanisms can be separated into three broad 

categories: 1) ZIP Proteins (or Zrt/Irt-Like Proteins) predominantly involved 

in importing Zn2+, 2) ZnT (Zinc transporters) control both the influx and 

efflux of Zn2+ from extracellular fluid (ECF) and also the redistribution 

between intracellular compartments and 3) Zn2+ buffers, such as 

metallothionein (MT), of which transcription is directly affected by Zn2+ 

concentration and role is to buffer excessive intracellular Zn2+   

[Zn2+]	

ZIP	
Proteins	

Zn2+	Buffers	
(e.g.	MT)	

Zn2+	
Transporters	

(ZnTs)	
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1.1.2 Zinc Absorption  

 

Zinc is absorbed in the proximal intestine (6). The importance of zinc intake is 

highlighted when mutation in the hZIP4 gene, which encodes for ZIP4 protein, this 

protein being the primary zinc uptake transporter expressed in intestinal cells 

(enterocytes), is incompatible with survival in a mouse model.  Mutation of this gene 

results in loss-of-function and leads to rapid death in mice unless supplemental zinc is 

administered (10). Mutations in the human ZIP4 gene can occur sporadically and 

manifest clinically in a condition called acrodermatitis enteropathica, where there is 

an innate gastrointestinal (GI) malabsorption of Zn2+ associated with this condition 

(11). This evidence emphasises the importance of primary intestinal absorption of 

zinc from dietary sources and the overall significance of zinc as a trace metal.    

 

1.1.3 Dietary Sources Of Zinc 

 

The Recommend Daily Allowance (RDA) of zinc is 11mg/day for men and 9mg/day 

for women (12). The average individual usually consumes sufficient zinc through a 

well-balanced diet.  Oysters contain some of the highest zinc concentrations in 

commonly available food but other high zinc foodstuffs include: red meat, beans, 

dairy products and whole grains (4, 6).  Fortified cereals are another important source 

of zinc for humans (6). In the age of increasingly health conscious individuals and a 

large market for health supplements, dietary zinc is often supported by the use of 



CHAPTER 1 – LITERATURE REVIEW 
 
 

5 

multivitamins or supplemental Zn2+ tablets.  The role of supplemental zinc and the 

risk of prostate cancer (PCa) is discussed in section 1.3.2.  

 

1.1.4 Zinc Deficiency  

 

Since zinc is the second most common trace metal and is intimately involved many 

cellular processes, deficiency of this metal often manifests globally. Systems affected 

by severe zinc deficiency include epidermal, gastrointestinal (GI), immune, central 

nervous system (CNS) and reproductive. Historically before commercial zinc 

supplements were available patients with acrodermatitis enteropathica, an autosomal 

recessive disorder of altered zinc metabolism, often died in infancy, which highlights 

how essential zinc is to maintain life. Broadly, zinc deficiency leads to impaired 

growth, poor immunity and healing (epidermal lesions located around body orifices 

and acral lesions), diarrhoea and impaired CNS function (less responsiveness, 

alertness and motivation) (13).  

 

1.1.5 The Important Biological Roles of Zinc 

 

Zinc is involved in multiple biological processes, which can be categorised into three 

major roles: structural (of proteins), regulatory and catalytic. Zinc is an essential 

structural component required for normal function in 10% of proteins (5). Up to half 

of all human transcription factors containing a zinc-binding site, therefore zinc is 

essential for gene production (3, 14). It is co-factor for >300 enzymes and is an 

important intracellular signalling molecule (3, 4). Zinc is important for the proper 
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function and growth of the human body, and a few examples include that it is a co-

factor for acetylcholinesterase, and DNA and RNA polymerases, controls nerve 

growth factor (NGF) and transcription factors MTF-1 and Zif268 (15-18). Although 

zinc has been linked to apoptosis, there is still some debate whether it is pro-apoptotic 

or protective. Evidence in favour of Zn2+ being an anti-apoptotic agent includes two 

mechanisms: firstly, it is an antioxidant thereby limiting the damage and apoptotic 

effect of intracellular free radicals and secondly, it directly affects caspase enzymes 

which are principle enzymes involved in the process of apoptosis (19).  However, 

excessive intracellular Zn2+ is often harmful to cells and therefore it could be 

responsible for initiating apoptotic pathways. Zinc also plays an important role in 

function of the immune and reproductive systems (20, 21).  

  

1.2 Cellular Zinc Homeostasis 

1.2.1 Intracellular And Extracellular Distribution of Zinc 

 
In human biology, zinc ions (Zn2+) exist broadly in two forms: tightly bound and free 

(including weakly bound or chelatable). Serum total zinc concentration often ranges 

between 10 - 20µM, but most of which is bound to proteins. In plasma 77% of zinc 

binds to albumin and 20% to α2-macroglobulin and free Zn2+concentration in serum 

has been calculated to be around 0.1 - 1.0nM (22).   

 

Interstitial fluid (ISF) is from where most mammalian source Zn2+ from but Zn2+ 

concentration in this physiological space rarely exceeds 10µM and usually ranges 

between 2 to 5µM (23). Therefore when analysing literature we must consider that 
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many studies are conducted with super-physiological Zn2+ concentrations, and 

although this may provoke biological response the translational application of these 

studies is limited because they are not truly representative of the physiological 

environment in which normal and pathological cells are exposed.  

 

Cellular zinc homeostasis is a complex multi-factorial mechanism and excessive 

cellular zinc is toxic to cells therefore tight buffering and homeostasis of zinc is 

critical (24). Eukaryotic cells are generally rich in zinc and total intracellular zinc 

concentration ranges from 100 to 500µM. However, up to 90% of zinc is bound 

therefore the free available Zn2+ pool is found at lower concentrations in the pM to fM 

range (9).  

 

Intracellular zinc is buffered by a number of molecules, the most important of which 

is metallothionein (MT), which acts the most potent endogenous zinc chelator. Levels 

of these buffers are often controlled by a feedback loop. Metallothionein itself is 

regulated by free Zn2+ concentration via transcription of metal responsive factor-1 

(MTF-1), which is stimulated by the release of Zn2+ from MT (Figure 1.2) (25). The 

abundance of other medium-strength zinc buffers in cells, including glutathione, 

histidine, cysteine and diphosphate compounds ensures that the vast majority  of 

cellular zinc is bound and not free (26).  
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Figure 1.2 - The Role Of Zinc In Normal Prostate Tissue  

Intracellular free Zn2+ inhibits mitochondrial aconitase (1), induces 

BAX formation and cytochrome C production (2) and gene expression 

via MAPK (3) and MTF-1(4) pathways. Intracellular free Zn2+ induces 

metallothionein (MT) expression through MTF-1 and MAP and free 

zinc is buffered by MT (5). (Adapted from original figure) (106) 
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1.2.1.1 Zinc Transporters: Zinc Import Proteins (ZIP) And Zinc Transporters 

(ZnT) 

 

Multiple zinc transporters control the movement of Zn2+ into the cell and within 

cellular compartments. These zinc transporters are divided into two families: ZIP and 

ZnT proteins. Zrt/Irt-like proteins (ZIP) and zinc transporters (ZnT) control the influx 

and efflux of zinc from extracellular fluid and also the redistribution of cytosolic zinc 

into the nucleus, Golgi apparatus, mitochondria, lysosomes, endosome and synaptic 

vesicles () (3).  A total of 14 human ZIPs (Table 1.1) and 10 ZnT proteins (Table 1.2) 

have been identified to date (27-37) (24, 32, 34, 38-43). Broadly the ZIP family acts 

to control influx of zinc into the cytosol and ZnT transporters control efflux of zinc 

from cytoplasm to organelles or to the extracellular space.   

 

The ZIP gene family was first discovered in plants and is responsible for the transport 

of cations such as zinc, cadmium, manganese and iron (44). Four proteins (ZIP1, ZIP2, 

ZIP3 and ZIP4) are all expressed on the cell membrane with ZIP1 being the primary 

importer of zinc from the extracellular space in human tissues () (28).  ZIP2 and ZIP3 

are predominantly associated with retaining zinc in the cellular compartment (45). As 

previously mentioned ZIP4 is the primary protein involved in the absorption of 

dietary zinc from the small intestine and gene transcription (SLC39A4 mRNA) is up-

regulated in response to zinc deficiency (46).  
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Figure 1.3 - Subcellular Localisation Of ZIP and ZnT Zinc Transporters  

Subcellar localisation and potential functions of ZIP (blue), ZnT proteins (red) 

and) within a normal eukaryotic cell. Localization and potential functions of 

Zn transporters from the Slc39/Zrt/Irt-like protein (ZIP) (blue) and Slc30/ ZnT 

(red) families, metallothioneins (MT) and metal-responsive-element- binding 

transcription factor 1 (MTF1) within the cell. Arrows show the predicted 

direction of Zn mobilization. ER endoplasmic reticulum (original figure (3)).  

 

 

Some ZIP family transporters could be involved in the uptake and distribution of 

other metals such as iron (Fe), manganese (Mn) and cadmium (Cd) (47). Some studies 

have shown that cadmium can strongly inhibit the uptake of zinc by ZIP1 and ZIP2, 
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and that this toxic metal can be a substrate for these transporters (28, 48). One 

example is ZIP2 mediated zinc uptake in K562 erythroleukemia cells, which can be 

inhibited by other transition metals such as cadmium, copper and manganese.     

 

ZnT-1 is found on the plasma membrane and the only member of the ZnT family of 

proteins that functions as the primary exporter of cytosolic zinc into the extracellular 

space (49, 50).  ZnT-1 gene expression is regulated by zinc, whereby high dietary zinc 

has been shown to increase this protein in cells and hypoxia in the form of cerebral 

ischaemia also induces expression in the hippocampus in vivo (51). The transcription 

factor for metallothionein (MTF-1), which responds to changes in intracellular zinc 

concentration, is also suspected to influence ZnT-1 gene expression in vitro and in 

vivo (52). Isoforms of ZnT-2 and ZnT-5, along with ZnT-4 have been expressed on 

the plasma membrane. Other zinc transporter proteins (ZnT-2, ZnT-3 ZnT-4, ZnT-6, 

ZnT-7 and ZnT-8) are located on the membrane of intracellular organelles, and 

sequester cytosolic zinc into organelles for distribution to be secreted, stored or as a 

co-factor with other proteins (53). ZnT-2 is associated with the inner mitochondrial 

membrane and acts as an auxiliary zinc importer into mitochondria in mammary cells. 

ZnT-2 overexpression results in expansion of mitochondrial zinc and subsequently 

reduces ATP biogenesis and mitochondrial oxidation alongside increased apoptosis 

(54). Some of the ZnT proteins are important in exocytosis of zinc for specific cellular 

functions, such as the ZnT-3 and ZnT-8 proteins, which are responsible for, zinc 

accumulation in synaptic neurons and insulin maturity in pancreatic ß-cells 

respectively (53).   
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Zinc homeostasis is complex intracellular mechanism, which involves a carefully 

coordinated activity of proteins, both ZIP and ZnTs, in different cellular 

compartments.  

 

1.2.1.2 Zinc Transport In Non-Prostate Cancers  

 

Recent evidence suggests abnormal zinc transporter expression (ZIPs and ZnTs) 

resulting in zinc dyshomeostasis and ultimately could be an important role in 

carcinogenesis. The importance of zinc homeostasis specifically in PCa will be 

discussed in the next section. One particularly significant transport associated with 

pancreatic cancer cell proliferation in ZIP4., which is commonly overexpressed in 

pancreatic adenocarcinoma cells (Panc-1, BxPC-3, Hs766T, ASPC-1, Capan-1, 

HPAF-II, and PL45) compared to normal pancreatic tissue (55). This study by Li et al 

demonstrated an increase in proliferation in vitro and tumour volume (up to 13x fold) 

in a nude mouse xenograft model in pancreatic adenocarcinoma cells. Furthermore, 

ZIP4 over expression in hepatocellular carcinoma (HCC) has been attributed to 

increased cell migration and invasiveness, tumour size, disease recurrence, lymph 

node disease and reduced survival (56). Overexpression of zinc importers result in 

increased cellular zinc and similarly down-regulation of zinc exporters could allow 

zinc to sequester in the cell. For example, the primary zinc exporter ZnT1 expression 

in mammary gland tumours is reduced up to 55% and zinc concentration expressed on 

a per dry weight basis was 12 times higher compared to normal mammary tissue (57). 

This evidences highlights the the importance of understanding zinc and the 

homeostasis of this metal in cancer development in multiple organs and systems.   



CHAPTER 1 – LITERATURE REVIEW 
 
 

13 

Table 1.1 - Human ZIP Family Proteins  

Protein Gene Location Role 

ZIP1 SLC39A1 Global but primarily cell 

membrane (basolateral 

membrane) 

Important for extraction of zinc 

from circulation (45) 

ZIP2 SLC39A2 Cell membrane (apical) Retention of zinc (e.g. re-

uptake of zinc from prostatic 

fluid) 

ZIP3 SLC39A3 Cell membrane (apical) and 

lysosomes 

Retention of zinc (e.g. re-

uptake of zinc from prostatic 

fluid) 

ZIP4 SLC39A4 Cell membrane (apical) Uptake of dietary zinc into 

enterocytes (58) 

ZIP5 SLC39A5 

 

Plasma membrane (basolateral) 

surface of enterocytes. Found 

in kidney, liver intestine and 

pancreas (59). 

Zinc influx  

ZIP6 SLC39A6 

 

Widespread. Up-regulated in 

IL-6 and IL-1 

 

Zinc influx  

ZIP7 SLC39A7 

 

Endoplasmic reticulum (ER), 

Golgi apparatus and 

intracellular vesicles (59) 

Transport zinc from organelles 

into cytosol  

ZIP8 SLC39A8 

 

Plasma membrane, Lysosomes, 

mitochondria  

 

Zinc influx into cytosol from 

organelles 

ZIP9 SLC39A9 

 

Golgi apparatus  Zinc influx into cytosol from 

organelles 

ZIP10 SLC39A10 

 

Plasma membrane. Found in 

brain, liver and erythroid cells.  

Zinc influx from extracellular 

space  

ZIP11 SLC39A11 Unknown Unknown 
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ZIP12 SLC39A12 

 

Found in brain testis lung and 

retina. Subcellular location 

unknown  

Unknown 

ZIP13 SLC39A13 

 

Intracellular vesicles and Golgi 

apparatus. Global tissue 

distribution 

Zinc influx into cytosol from 

organelles 

ZIP14 SLC39A14 

 

Plasma membrane. Global 

tissue 

distribution 

 

Zinc influx from extracellular 

space 
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Table 1.2 - Human ZnT Family Proteins  

Protein Gene Location Role 

ZnT-1 SLC30A1    

 

Plasma membrane. Widespread 

tissue distribution 

 

Major zinc exporter (53)  

ZnT-2 SLC30A2    

 

Isoform 1: Mitochondria*, 

endosome, lysosome and 

secretory vesicles  

 

 

Isoform 2: Plasma membrane 

 

Both isoforms found in 

predominantly secretory tissue 

(i.e. prostate, breast, placenta, 

pancreas, intestine and retina) 

Sequester cytosolic zinc into 

organelles (for secretion, 

storage or protein structure) 

ZnT-3 SLC30A3    

 

Synaptic vesicle* 

Found in brain, testes and 

pancreas 

Sequester cytosolic zinc into 

organelles 

ZnT-4 SLC30A4    

 

Plasma membrane, endosome* 

And secretory vesicles*  

Efflux of zinc across cell 

membrane and exocytosis via 

secretory vesicles (60)  

ZnT-5 SLC30A5    Isoform a: Golgi apparatus and 

vesicles  

 

Isoform b: Plasma membrane 

 

Both isoforms found in cardiac 

tissue placenta, pancreas, 

prostate, ovary, testis, small 

intestine, thymus and bone. 

Sequester cytosolic zinc into 

organelles and exporting zinc 

into extracellular 

compartment 

ZnT-6 SLC30A6    

 

Golgi apparatus and vesicles. 

Predominantly found in brain, 

lung and intestine 

 

Sequester cytosolic zinc into 

organelles 
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ZnT-7 SLC30A7    

 

Golgi apparatus and vesicles. 

Found in prostate, retina, 

pancreas, intestine, stomach, 

muscle and retina.  

Sequester cytosolic zinc into 

organelles 

ZnT-8 SLC30A8    

 

Expressed in secretory 

granules. Found in pancreas, 

adrenal, testis and thyroid 

gland  

Important in pancreatic ß-

cells which transport 

cytosolic zinc into secretory 

granules for insulin 

maturation (61)  

ZnT-9 SLC30A9    

 

Unknown but thought to 

resides in cytoplasm  

Translocates to nucleus after 

binding with nucleus 

receptor to transcription and 

is involved with gene 

transcription (53) 

ZnT-10 SLC30A10    

 

Found in brain, liver and retina  Unknown  

* Animal studies   
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1.2.1.3 Intracellular Zinc Buffers 

 

Whilst ZIPs and ZnTs are responsible for the import/export of zinc across the cell 

membrane and organelles, intracellular zinc has other buffering mechanisms to 

maintain tight control. The protein metallothionein (MT) and transcription factor 

MTF-1 are the principle buffers of cellular zinc (18, 25). Metallothionein binds to 

divalent heavy metals ions such as zinc, cadmium, copper, mercury and cobalt. MTF-

1 controls the expression of MT and other genes, including ZnT-1 and also 

glutamate–cysteine ligase heavy chain (γGCShc), which encodes an oxidative stress 

related protein (18). Zinc-dependent MTF-1 expression and subsequent MT coding 

remains a major regulatory component of zinc in eukaryotic cells.   

  

1.2.1.4 Measuring Zinc In Biological Systems   

 

Quantifying zinc and its distribution within the cell is inherently challenging. Total 

zinc can be measured with such methods as AAS (atomic absorption spectroscopy) or 

ICPMS (inductively-coupled plasma mass spectrometry).  However, these methods 

cannot measure the level of free available zinc (Zn2+) and cannot be used in active 

biological systems.  In addition, the average mammalian cell contains such a small 

quantity of zinc atoms, which is well below detectable levels for these methods (62). 

This is also the case for other trace metals such as copper and iron.  

 

1.2.1.5 Free Zn2+  
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Recent studies have highlighted the importance of free Zn2+ rather than total zinc 

levels in cellular responses particularly because as previously highlighted the majority 

of zinc is bound to proteins as catalytic or structural component and is effectively 

biologically inactive. However, cells maintain a subpool of free (or unbound) Zn2+ 

ions in the picomolar (pM) to low nanomolar (nM) range, which is tightly controlled 

by ZIP and ZnT transport proteins as well as cellular buffers (e.g. MT) (63). With new 

techniques this biologically active free Zn2+ or is more readily measurable, and thus a 

more dynamic assays and studies can be performed with regards to the effects of 

subtle changes in cellular zinc concentration on biological processes.    

 

Recently several modern micro-analytical techniques for measuring the level and 

distribution of free zinc have been developed.  Such techniques include: 

metallofluorescent indicators (such as FluoZin-3), secondary ion mass spectrometry 

(SIMS), nuclear microprobes (proton-induced x-ray emission), and synchrotron x-ray 

fluorescence (SXRF) microscopy (62). Small molecular fluorescent indicators are the 

most popular technique and this technique will be used later in this thesis.   

  

In general little is known about the subcellular distribution of zinc, as total 

concentration and subcellular distribution varies considerably between cell types. So 

there is no concrete rules regarding absolute concentration of zinc in subcellular 

compartments, and each cell type must be considered individually which is why 

prostate cells are so relevant because zinc is critical for their function. A fair general 

estimate is that around one third (~35%) of zinc is located in the nucleus and two 
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thirds (65%) in the cytoplasm (2). Cytosolic free Zn2+ is generally extremely low but 

between cell types ranges from 20pM to 1.0nM (Table 1.3). Concentrations and 

subcellular distribution of free Zn2+ is summarised in Table 1.3.  

 

Cellular zinc levels can greatly affect the function of mitochondria in cells, and 

therefore metabolism, including oxidative phosphorylation (64, 65). Excessive Zn2+ 

can also induce apoptosis by the activation of caspase enzymes but also mitochondrial 

movement and mitochondria themselves are a source of Zn2+ (66-68). All of the 

underlying mechanisms are poorly understood but it has been estimated with that the 

concentration of free Zn2+ in mitochondria is around 0.14pM (Table 1.3), which is a 

much lower buffer threshold compared to cytosolic Zn2+ (62).  

 

As for Zn2+ concentration in other organelles, the endoplasmic reticulum (ER) and 

Golgi apparatus have a very low free Zn2+ concentration, which can be up to 100x 

lower compared to concentration in the cytosol (69).  The endoplasmic reticulum (ER) 

and Golgi apparatus contain free Zn2+ 100 times lower than cytosol and can sequester 

elevated Zn2+ thereby protecting against zinc toxicity (69). In addition, ER release of 

Zn2+ may also be calcium dependent, whereby excess cytosolic Ca2+ causes a release 

of Zn2+ from the ER suggesting that Ca2+ signalling can influence zinc homeostasis. 

One role of free Zn2+ ions is as neurotransmitters in synaptic vesicles and dynamic 

changes zinc in the brain correlate with physiological changes and long-term memory 

function (70, 71). The concentration of free Zn2+ increases by 3x-fold of total zinc in 

mitotic cells, which might be an important process during the cell cycle and cell 

division (62, 72).  
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Table 1.3 – Intracellular Distribution Of Free Zn2+ Ions In Different Cell 

Types   

Cellular 

Compartment 
Free Zinc (Zn2+) Cell Type Measurement Technique 

 

Cytosol 

 

5 - 10 pM 

0.7 – 1.4nM* 

 

Rat pheochromocytoma cells (PC-12) 

 

Excitation radiometric fluorescent indicator (26) 

0.4 nM Pancreatic β cells (INS-1) FRET (73) 

0.4 nM Human embryonic kidney cells (HEK293)  FRET (73) 

0.6 nM Human colon cancer (HT-29) FluoZin-3 (63) 

1.0 nM Fibroblastic L(TK) Zinbo-5 (61) 

20 pM Human leukaemic lymphocytes  Zinquin (74) 

31 pM Rat splenocytes Zinquin (74) 

14 pM Rat thymocytes  Zinquin (74) 

24 pM Erythrocytes AAS calculation (75) 

1.0 nM Human leukaemic cells (CEM-C1)  19F nuclear magnetic resonance (76) 

0.97nM Rat pheochromocytoma cells (PC-12) FluoZin-3 (72) 

Mitochondria 0.14 pM HeLa (cervical cancer) 
mito-ZapCY1 

(FRET) (77) 

Golgi Apparatus 0.6 ± 0.1 pM HeLa 
ZapCY1 and ZapCY2 

(FRET) (69) 

Endoplasmic 

Reticulum (ER) 
0.9 ± 0.1 pM HeLa 

ZapCY1 and ZapCY2 

(FRET) (69) 

* In proliferation cells in the presence of zinc containing serum  
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1.3 The Role Of Zinc In Prostate Cancer  

1.3.1 Zinc In The Normal Prostate  

 
The prostate gland contains the highest concentrations of zinc of any organ or tissue 

in the human body. The peripheral zones, where most PCa tumours arise, are 

particularly rich in this metal (104, 105). Zinc is vital for normal function of the 

prostate gland, therefore prostate epithelial cells are highly specialised to accumulate 

and store high levels of this metal. Zinc has multiple physiological roles in the 

prostate epithelial cell, which include: citrate production, apoptosis and DNA 

transcription () 

 

The primary role of zinc in the prostate is related to citrate production. Citrate is a 

major constituent of prostatic fluid and is essential for normal spermatic function. In 

the prostate, zinc inhibits the enzyme mitochondrial aconitase (mAC), thus citrate is 

accumulated and secreted at high concentrations into prostatic fluid (106). Zinc also 

has a role in the control of cell numbers. Apoptosis is induced by zinc by prostate-

specific BAX pore formation causing cytochrome C (CytC) release from 

mitochondria and subsequent caspase-mediated apoptosis. As mentioned previously, 

zinc homeostasis is tightly controlled and in the prostate Zn2+ mediates MT gene 

expression through MTF-1 and occasionally mitogen-activated protein kinase cascade 

(MAPK) pathways.   
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Some important principles to consider with regards to this review and subsequent 

result, is that the prostate gland is a unique organ containing the highest amount of 

zinc, the prostate epithelial cells rely on zinc for normal function and they are 

uniquely specialised cells, which have evolved to accumulate and utilise zinc. 

Therefore understanding the role of zinc in a pathological process such as PCa is of 

utmost importance in the development of new technologies and treatments. 
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1.3.2 Zinc In Prostate Cancer Risk And Progression  

 

There is much debate regarding the relationship between zinc intake and the risk of 

developing or progression of PCa particularly as published epidemiological studies 

yield conflicting results (107-113). Herein follows comprehensive review of all 

published epidemiological evidence to date (Table 1.4). An adequate amount of zinc 

is usually obtained from a well-balanced diet but zinc is also a standard component in 

supplementary multivitamin tablets in doses up to 10 times the recommended amount 

(114). Some studies focus on zinc alone, dietary zinc alone or zinc contained in 

multivitamin supplements, the limitations of which particularly lack of homogeneity 

and limitations in measuring zinc intake, will be discussed later in this review.  

 

Starting with level 1A evidence, a large systematic review and meta-analysis by 

Stratton et al (115) including data from 14 eligible studies concluded that there is no 

convincing evidence for multivitamin supplement use (including zinc) in the clinical 

progression or in the risk of PCa development. A study by Leitzmann et al (116) 

examined supplemental zinc intake and PCa risk amongst 46,974 men during 14-year 

follow-up. There was no statistically significant risk of PCa observed in men 

consuming ≤ 100mg/day of zinc or obtaining zinc from a normal diet. Interestingly, 

comparing men taking 100mg/day of zinc with non-vitamin users had a RR of 2.29 

(95% CI 1.06 to 4.95; p=0.003) of developing advanced PCa. In addition, long-term 

use of zinc supplementation (>10 years) was also associated with an increase in RR of 

2.37 (95% CI 1.42 to 9.95; p<0.001). The biological mechanism behind the effect of 

zinc observed in this study is unclear. Krone et al (117) hypothesised that this increase 
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in PCa risk could be related to cadmium levels in zinc supplements, which varied by 

37-fold on analysis and significant as cadmium has been implicated in PCa from 

epidemiological and in vitro studies to PCa development (118).  This study was 

conducted between 1986 and 2000 and therefore is less applicable to the incidence 

and classification of advanced PCa seen today. In addition, confounding factors such 

as calcium intake and unmeasured correlate of zinc use further add to the limitations 

of this study.  High doses (>100mg/day) of zinc were required to see an effect on PCa 

development, but as will be discussed later zinc appears to have a narrow therapeutic 

window in vitro and in vivo.  

 

A similar population-based case–control study from Sweden (119) that included 1499 

PCa patients and 1130 control subjects assessed multivitamin use via questionnaires 

and compared the same PCa risk.  In those patients from this large questionnaire 

cohort which confirmed taking supplemental zinc, (PCa n = 51 and controls n = 28), 

there was no significant difference in prevalence of zinc use or risk of PCa between 

groups. This study, however, has considerably low numbers of patients (maximum 51 

in PCa group) and also there could be some question as to reliability of the 

questionnaire. Interestingly, looking at zinc intake on a wider more global scale 

Schrauzer et al (120) conducted an ecologic study which observed a higher PCa 

mortality in countries with higher per capita zinc intake.  

However, doses >150mg/day of zinc may cause immune dysfunction (121). Insulin-

growth factor I (IGF-I) levels are increased with zinc and has been shown to indirectly 

correlate with PCa development (122).  

 

A RCT to assess the impact of daily oral zinc (80mg) on genitourinary (GU) disease 



CHAPTER 1 – LITERATURE REVIEW 
 
 

25 

that require hospitalisations, concluded that there was no increase in PCa risk (123). 

However, a significant decrease in prostate cancer diagnoses was seen in patients 

receiving antioxidants (500 mg vitamin C, 400 IU vitamin E and 15 mg β-carotene) 

vs. placebo (RR 0.6; 95% CI 0.49 – 0.86; p= 0.049). In the zinc arm female 

participants (2.3%) had a significant increase in the incidence of urinary tract 

infections (UTIs) (RR 5.77; CI 1.30 –25.7; p = 0.013) and males (2.0%) in urinary 

lithiasis  (RR 4.08; CI 0.87–19.1; p=0.061).   

 

Lawson et al (124) conducted a prospective study assessing multivitamin use and 

localised, advanced and mortality from PCa. Out of 295, 344 men enrolled 8765 

localised, 1476 advanced and 179 cases of PCa mortality were recorded. In a 

subgroup of patients with positive family history for PCa, multivitamin use >7 

times/week plus zinc supplements (consumed >1 times/month) was associated with an 

increase risk of fatal PCa (RR = 4.36; CI 1.83 - 10.9; p<0.04). No change in localised 

PCa risk was observed with this study.  

 

A lower risk of PCa with dietary zinc (109) and supplemental zinc (125) was reported 

in two case-control studies. Key et al compared 328 men under 75 years with PCa 

against 328 matched control for PCa risk with dietary factors in particular saturated 

fat but also vitamin and mineral intake. The odds ratio (OR) of men consuming ≥ 

11mg/zinc/day developing PCa was 0.73 (CI 0.49-1.08; p=0.13) compared to controls. 

Adjusting for social class the OR was not statistically significant (p=0.23).  

Kristal et al (110) conducted  a population based case-control study of 697 PCa cases 

versus 666 controls for vitamin and supplement use and PCa risk. They concluded 

that zinc supplementation use ≥7 times/week compared to no use was associated with 



THE ROLE OF ZINC IN PROSTATE CANCER 
 
 

 26 

reduced risk of PCa (OR 0.55; CI 0.30-1.00; p=0.04). This implies that zinc and other 

mineral supplementation may be protective in prostate carcinogenesis. The same 

group also concluded that both dietary and supplemental zinc were associated with 

reduced benign prostatic hyperplasia (BPH) risk (126). Zinc in combination with 

vitamin A, B6, C and E has shown to be protective in transitional cell carcinoma 

(TCC) of the bladder (127).  

 

West et al (128) and Andersson et al (129) both conducted population based case 

control studies in over 350 and 500 PCa cases respectively and concluded there is no 

protective effect of dietary zinc. In the larger, more recent (1989 to 1994) study from 

Sweden the mean daily intake of dietary zinc per group was 12.2mg, 11.7mg and 

11.7mg for advanced PCa, localised PCa and controls respectively (129). In age 

adjusted analysis a positive relationship between zinc intake and PCa risk was 

reported (OR 1.58; CI 1.04-2.41; ptrend=0.04), however adjusting for total dietary 

energy intake this association disappeared (OR 1.14; CI 0.77-1.70; ptrend=0.37).    

 

Kolonel et al (130) performed a sub-analysis of men ≥ 70 years with PCa (n=259) 

compared to ages matched controls (n=508) for dietary and supplemental zinc and 

PCa risk. Amongst these men those in the highest quartile of supplemental zinc intake, 

PCa risk was significantly increased (OR 1.7; CI 1.1-2.7; p<0.01). The same effect 

was not seen in men < 70 years or with dietary zinc alone. This null effect of dietary 

zinc was also observed in older and lower powered studies (131).  

 

Gonzalez et al (132) published their results from the VITamins And Lifestyle (VITAL) 

cohort, which was specifically designed to evaluate cancer risk from vitamin 
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supplement use. High supplement use was defined as zinc intake of >15mg/day 

average over a period of 10-years. The risk of regionally invasive or metastatic PCa 

was reduced with high (>15mg/day) zinc use (HR 0.34; 95% CI 0.13 – 1.09; 

ptrend=0.04) compared to non-use. There was no significant association of ten-year 

average zinc intake with PCa risk overall, and in addition significant results were seen 

with dietary zinc alone. This study certainly has merits with regards to a large specific 

vitamin supplement patient cohort (n = 35,242) and PCa sub-cohort (n = 832), and 

valid statistical analysis.  The main significant conclusion from this study is that zinc 

might have a protective role in the development of aggressive PCa, in particular 

tumours with locally invasive and metastatic potential, rather than overall PCa risk.  

 

Another group, Greenlee et al (133), performed a cross-sectional cohort study on 

cancer risk in the VITAL patient database in 2004. Over 10,000 cancer survivors’ 

ages 50-76 years were compared to matched controls and assessed on supplement use 

with a comprehensive 24-page questionnaire.  Zinc (≥ 40mg/day) was associated with 

a high risk of ovarian cancer (OR 2.19; CI 1.41-3.40) but no association with PCa was 

mentioned.  

 

A large RCT conducted by Meyer et al (134) assessed PSA, IGFs PCa risk following 

zinc supplementation for 8 years. Zinc 20mg was given daily. They concluded that 

zinc was associated with moderate non-significant reduction in PCa (HR 0.88; 95% 

CI 0.60–1.29). In a small subset of men (n=18) in the zinc treatment arm (n=2,293) 

with normal PSA (< 3.0 µg/L) a significant (p=0.009) reduction in PCa rate was 

observed (HR 0.52; 95% CI = 0.29–0.92). In contrast a high baseline PSA (≥3.0 µg/L) 

was associated with an increase in PCa risk (HR 1.54; 95% CI = 0.87–2.72). This 
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study risk stratifies men with PCa into categories based on PSA, which is not present 

in many other studies, which look at overall PCa risk. This technique mirrors risk 

stratification similar to the D’Amico () clinical criteria used by many urologists in 

clinical practice. Overall the final number of PCa case diagnosed was 103, which is 

2.0% of the overall cohort so there limitations in the power of this study. In addition, 

the dose of zinc used in this study (20mg/day) is low compared to other studies and 

only marginally higher than zinc obtained from a balanced diet (~11-12mg/day).     

 

Bauer et al (135) focussed their attention on males with a positive family history of 

PCa in first-degree relatives who have at least a two-fold increased risk of PCa and 

their use of dietary supplements. Motivation for vitamin supplement use including 

zinc, was explored and there was a consensus in one third of high risk siblings for 

taking these for prostate health or cancer prevention reasons.  Specifically with 

regards to zinc, 8.2% of these men had taken a supplement for 3 consecutive months 

at some point and 5.2% were taking zinc at the time of the study. No time frame was 

specified in terms of how far back supplement use was considered valid and no details 

regarding multivitamin type and composition was included in the analysis of separate 

element. The aim of this study was to evaluate motivation of supplement use in men 

at high risk of PCa therefore does not reflect the attitude the whole population of men. 

Use of prostate related vitamins was associated with increased number of relatives 

with PCa, but martial status, education and income were not significant (135).  

 

The conclusions from these population-based studies are extremely variable and 

differences could be due to a number of factors. Most of the studies have huge 

variation with regards to range of zinc intake, from estimated dietary intake of <10mg 
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per day up to supplementary zinc >100mg. Also the preparation of zinc differed 

significantly, from pure zinc tablets to composite multivitamin tablets containing iron, 

manganese, copper, calcium, phosphate-containing compounds and folic acid, which 

can decrease the bioavailability of zinc (136). Using a rat model Sapota et al (137) 

determined the intra-prostatic bioavailability from three different zinc compounds 

(zinc sulfate, gluconate and citrate) and discovered significant variation between the 

compounds. Zinc gluconate is advisable to study in men. Fluctuations in the 

bioavailability of zinc from different compositions and a lack of consistently in zinc 

preparation across all of these population-based studies contribute to the inconclusive 

evidence of zinc and PCa risk.   

 

Methodology for estimating zinc intake in these studies was predominantly 

subjective, food based questionnaires or diet records, and therefore the accuracy and 

consistency of values of dietary intake of vitamins and minerals could be 

compromised. Some studies estimating dietary intake did not consider excess zinc 

intake from supplements in their data collection. Study design is a limitation whereby 

established PCa cases are identified and dietary zinc is assessed up to 10 years before 

diagnoses. Any statistical associations observed may be clinically irrelevant since 

dietary or supplemental zinc intake is not accounted for during an etiologically 

relevant period for PCa development.   
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Table 1.4 - Epidemiological Evidence Analysing The Association Between 

Zinc Prostate Cancer Incidence, Diagnosis or Progression 

Author Year 
Study 

Type 

Population 

(Country) 

Exposure / 

Intervention 
Outcomes Conclusions 

Gonzalez 

(132) 

2009 Cohort Vitamin and 

Lifestyle Cohort 

(VITAL) study 

participants 

(n=35, 242) aged 

50–77 years 

(USA)  

 

• Supplemental 

zinc (>15mg/day) 

Development of PCa 

Follow-up: 10 years 

Long term (10 yr) use of zinc 

(>15mg/day) has no effect on overall 

PCa risk 

High zinc use was associated with 

reduced risk of regionally invasive or 

metastatic PCa (HR =0.34) 

 

Zhang  

(113) 

2009 Case-

control 

Controls 

(n=2404) and 

men with PCa 

(n=1706) Mean 

age ~60 years 

(USA) 

 

• Multivitamin 

(including zinc) 

• Zinc alone 

supplementation 

Diagnosis of PCa 

during hospital 

admission 

Long-term (>10 year) zinc 

supplementation (either in multivitamin 

or alone) associated with approximately 

2-fold increase risk of PCa 

Johnson 

(123) 

2007 RCT Age-Related Eye 

Disease Study  

3,640 patients  

(USA) 

 

 

 

• Placebo 

• Zinc (80mg)  

• Antioxidant (Vit 

C + Vit E + ß-

carotene) 

• Antioxidant + 

zinc (80mg) 

 

Occurrence of PCa 

and hospitalisation 

for GU related 

illness  

 

No increase in PCa risk (zinc 80mg Vs. 

placebo) 

Higher incidence of female UTIs (RR = 

5.77) and male urinary lithiasis (RR = 

4.08) in zinc 80mg vs. placebo  

Lawson 

(124) 

2007 Cohort NIH-AARP Diet 

and Health Study, 

295, 344  men 

aged 50–71 years 

(USA)  

 

• Any 

multivitamins (n 

= 152 710)  

• No multivitamins 

(n = 142 634)  

 

Occurrence of 

localised and 

advanced PCa and 

PCa mortality  

Multivitamin use does not affect PCa 

risk  

Increased frequency (>7 doses/week) 

multivitamin use possibly increases risk 

of advanced and mortality from PCa 

Meyer 

(134) 

2005 RCT SU.VI.Max trail 

male patients 

• Placebo (n=2512) 

• Multivitamin 

PCa risk and PSA 

Follow-up: 8 years 

Overall slight non-significant reduction 

in PCa risk.  
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Author Year 
Study 

Type 

Population 

(Country) 

Exposure / 

Intervention 
Outcomes Conclusions 

(n=5034). Mean 

age 51.3 years  

(France)  

 

(zinc 20mg/day) 

(n=2522) 

Zinc supplementation in men with low 

PSA (<3 µg/L) reduced the rate of PCa 

(HR=0.54) whereas elevated PSA had 

slightly higher risk (HR=1.54) 

 

Chang 

(119) 

2004 Case–

control 

PCa patients 

(n=1499) and 

normal controls 

(n=1130)  

(Sweden) 

 

 

 

 

• Supplemental 

zinc for >1 year  

Prevalence and risk 

of PCa 

No difference between controls (n=28) 

and PCa patients (n=51) who took 

supplemental zinc > 1 year  

Leitzmann 

(116) 

2003 Cohort  Health 

Professionals 

Follow-up Study 

(HPFS) 

47, 780 men 

Aged 40–75 

years) (USA) 

 

• Low / normal 

zinc diet 

(<100mg/day) 

• Zinc 

supplementation 

(≥100mg/day) 

Occurrence of PCa 

Follow-up: 14 years  

Developing advanced PCa associated 

with supplemental zinc (≥100mg/day) 

consumption (RR =2.29) and with  

long term zinc supplementation (>10 

years) (RR = 2.37)  

Kristal 

(125) 

1999 Case-

control 

Men with PCa 

(40 - 64 years) 

(n=697) and 

matched controls 

(n=666)  

(USA)  

 

• Supplemental 

zinc  

Risk of PCa Zinc supplements use ≥7 times/week 

was associated with reduced risk of PCa 

(OR = 0.55) 

Key (109) 1997 Case-

control 

Men with PCa (< 

75 years) (n=328) 

and matched 

controls (n=328) 

• Zinc (≥11 

mg/day) from 

diet sources  

Occurrence of PCa  Possibly a slightly reduced risk of PCa 

associated with dietary zinc  

Andersson 1996 Case- Controls (n=536) • Dietary zinc Occurrence of PCa Dietary zinc does not affect risk of PCa 
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Author Year 
Study 

Type 

Population 

(Country) 

Exposure / 

Intervention 
Outcomes Conclusions 

(129) control  and men with 

PCa (n=526) 

 

intake 

West (128) 1991 Case-

control 

Controls (n=679) 

and men with 

PCa (n=358) 

 

• Dietary zinc 

intake 

Occurrence of PCa Dietary zinc does not affect risk of PCa 

Kolonel 

(130) 

1988 Case-

control 

Controls (n=899) 

and men with 

PCa (n=452) 

from Hawaiian 

Cancer Registry  

(USA) 

 

• Dietary zinc 

intake 

Risk of PCa In men ≥70 years in highest quartile of 

dietary zinc intake had slightly increased 

risk of PCa (OR=1.7) 

 

RR= relative risk; OR = Odds ratio; RCT = randomised control trial; Vit C= Vitamin C; Vit E = Vitamin E; GU = Genitourinary; 

UTI = urinary tract infection; NIH-AARP = National Institutes of Health- American Association of Retired Persons  
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1.3.3 Zinc Levels And Homeostasis In Prostate Cancer 

1.3.3.1 Prostate Cell Lines  

 

The most common prostate cell lines include those representative of normal prostate 

epithelial cells (PNT1A and RWPE1) tumourigenic RWPE-2 cells and PCa cell lines 

including; androgen sensitive PCa (LNCaP), and CRPC-like cells (PC3 and DU145). 

PNT1A cells were cultured from normal prostate epithelial cells and immortalised 

with simian virus SV40 (138). The RWPE1 and RWPE2 cell lines were acquired from 

non-neoplastic prostate epithelial cells from a white male donor immortalised with 

human papilloma virus 18 (HPV-18), with tumourigenic RWPE2 cells being 

established by further transfection by v-Ki-ras (139). Both cell lines show PSA and 

androgen receptor (AR) expression. The LNCaP cell line was established from a 

metastatic lesion of human prostatic adenocarcinoma with high-affinity specific ARs 

and growth in response to androgens thereby is considered an accurate model for 

androgen-sensitive PCa (140, 141). Two widely used PCa cell lines PC3 and DU145 

are referred to as CRPC-‘like’ cells because both were established from PCa tumours 

that had not relapsed after ADT and unlike most CRPCs express little to no AR (142, 

143).  These cell lines are often referred to as CRPC cells (or CRPC-like cells in this 

thesis), as they do display fundamental properties of CRPC tumours including high 

migration (metastasis), androgen-independence and resistance to chemotherapy (144-

148).  
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1.3.3.2 Total Zinc Content In Prostate Tissue  

 
Total zinc can be measured by inductively coupled plasma mass spectroscopy (ICP-

MS) or atomic absorption spectroscopy (AAS). ICP-MS is considered superior to 

AAS in that it accurately detects zinc concentration as low as 0.5 ppb (149). Zinc 

concentration in the prostate gland is highest in the lateral lobes of the peripheral zone 

(Appendix C) and increases towards the apex (104, 105). The typical total zinc 

content of prostate tissue is 1018±124 µg/g of dry tissue (150). There are many 

conflicting views regarding zinc levels in PCa but long-standing notion is that total 

zinc levels are decreased in PCa (151).  Also plasma zinc levels have been shown to 

be decreased in patients with prostate carcinoma (152). One concept that has been 

cited multiple times was first published by Costello et al in 1998 (105) is that LNCaP 

cells have higher endogenous zinc levels (630ng/mg protein) compared with PC3 

cells (190ng/mg protein). Despite this established relationship, understanding why 

zinc levels decrease in PCa is still yet to be fully discovered. In addition, limited data 

exists which directly compare zinc content of normal prostate epithelial and PCa cells. 

Therefore, one aim of this study was to address the endogenous levels of zinc in 

normal and cancerous prostate cells.  

 

Zinc homeostasis is very tightly regulated, with the overwhelming majority of zinc 

inactive and bound, leaving only an extremely small concentration of free Zn2+ ions 

available to exert biological reactions. Since the concentration of free Zn2+ is so small, 

very minor fluctuations in concentration of this metal can have an exaggerated 

influence cellular function and behaviour. This brings into question this previously 

published evidence and questions as to the value in measuring total zinc. Most studies, 
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which conclude zinc levels are decreased in prostate cancer, concentrate on the broad 

principle of baseline zinc concentration rather than the biological sequelae of altered 

zinc concentration. In addition it is unknown whether low zinc content is a cause or 

consequence of PCa.   

 

Table 1.5 – Total Zinc Content In The Prostate Gland 

Tissue / Fluid Zinc (nM/g wet weight) 

Normal prostate (central zone) 1000 

Normal prostate (peripheral zone) 3000 

PCa 500-900 

BPH 4000 

Blood plasma 15 

Prostatic fluid 9000 

Other Soft Tissues 200 

Costello et al. - original table (153) 

 

1.3.3.3 Zinc Homeostasis In PCa  

 

Zinc homeostasis in prostate cancer cells is poorly understood. Unlike most cells in 

which zinc is sequestered into vesicles and organelles, free Zn2+ in cytoplasm of the 

prostate cell compromises almost 35% of the total intracellular zinc content and Dhar 

et al suggest that around 30% of cellular Zn is sequestered in the mitochondria. (154, 

155).  Localisation of ZIP and ZnT zinc transporters varies across the prostate gland 

and intracellularly and is summarised in Table 1.6.  
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1.3.3.3.1 ZIP Importers – In Vitro   
 
 
Franklin et al (156) have previously confirmed that ZIP1 is the major zinc importer in 

PC3 cells.  Baseline ZIP1 expression is higher in LNCaP cells compared to PC3 and 

transfected PC3 cells with overexpression of ZIP1 resulting in an increase in zinc 

uptake.  Antisense inhibition of ZIP1 in PC3 cells (3 days incubation with 

antisense hZIP1 oligonucleotide) resulted in less zinc uptake. Human ZIP2 mRNA 

was undetectable in both LNCaP and PC3 cells. In addition, ZIP2 mRNA has also 

been shown to be barely detectable in normal prostate epithelial cells (RWPE-1).  On 

Western blot protein analysis ZIP1 protein expression was down-regulated ~36% in 

RWPE-2 compared to that in RWPE-1 (157).  Zinc treatment (50µM ZnSO4) had no 

effect on cellular localisation of ZIP1 or ZIP3 in either cell line. The primary zinc 

absorption protein ZIP4 mRNA is undetectable in RWPE-1 and RWPE-2 cells (157).   

 

In the three main PCa cells lines LNCaP, DU145 and PC3 ZIP1 was shown to be 

present in all three cell lines by Western blot and PCR and has been confirmed to be 

localised to the plasma membrane by immunocytochemistry (ICyC) (160). In another 

study by Huang et al (157) they demonstrated by immunofluorescence microscopy 

that ZIP1 is localised to the cytoplasmic membrane and intracellular vesicles, and 

distribution is similar between RWPE1 and RWPE2 cell lines.  Beck et al (162) 

showed zinc treatment (25µM or 50µM for 24 hours) decreased the level of ZIP1 

protein in normal prostate epithelial cells (RWPE1). Therefore in normal prostate 

epithelial cells, exogenous zinc as expected inhibits ZIP1 expression, thereby 

reducing Zn2+ uptake so to not overload the cell. The questions remains whether the 
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same response occurs in PCa and if the uptake of Zn2+ is the same between cell lines 

exposed to similar conditions. 

 

Chen et al (58) specifically concentrated on the expression of ZIP4 mRNA and 

protein in PCa and BPH tissues as well as DU145 and PC3 cells. Compared to BPH 

tissue ZIP4 gene expression in PCa was significantly lower (49-fold) by RT-PCR. 

Prostate cancer tissue also expressed less ZIP4 protein on Western blot. There was no 

correlation between ZIP4 expression and Gleason grade. Interestingly though PC3 

ZIP4 mRNA expression was around 6 times higher than DU145 but unfortunately the 

authors did not explore this difference further. In ZIP4 up-regulated transfected 

DU145 cells cell proliferation was significantly decreased compared to un-transfected 

cells. Also, overexpression of ZIP4 was associated with less invasion. This suggests 

that ZIP4 could play an inhibitory role in the proliferation and invasion of PCa cells in 

vitro.   

Genetic variants in the ZIP11 have been demonstrated to have an association with 

bladder cancer (OR 1.43) and renal cell carcinoma (RCC) risk (OR 1.28), but no 

variants were associated with PCa risk (166).   

 

1.3.3.3.2 ZnT Zinc Exporters and MT Zinc Buffers – In Vitro  

 

Huang et al (30) demonstrated in RWPE1 cells that zinc treatment (75µM) increases 

ZnT1 mRNA up to 13-fold. 
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Hasumi et al (167) quantified ZnT1 and MT isoforms (MT-1A, MT-1E, MT-1X and 

MT-2A) in human PCa cell lines LNCaP and PC3, as well as pathological human PCa 

tissue by RT-PCR and Western blot (WB).  Metallothionein isoform MT-1E was not 

detected in either cell lines and in PC3 cells MT-1A was also undetected.  Zinc 

treatment (100µM) induced MT-1A expression in LNCaP but remained absent in 

PC3. Basal ZnT-1 gene expression level was higher in PC3 compared to LNCaP 

(252.0±142 Vs. 82.0±35 1010
 18S rRNA copy number). ZnT1 mRNA was detected in 

both cell lines but on Western blot expression was increased in PC3 by ~1.5-fold and 

~1.7-fold following 50µM and 100µM zinc treatment respectively.  However, no 

effect on ZnT1 expression was seen in LNCaP cells. Basal MTF-1 mRNA gene 

expression level was marginally higher in LNCaP compared to PC3 (187.1±96 Vs. 

135.8±70.3 1010
 18S rRNA copy number). Zinc treatment had a tendency to increase 

MTF-1 mRNA expression in both cell lines however this was non-significant. 

Cadmium (10µM) increased MTF-1 gene expression by ~ 3.0-fold in both cell lines.   

ZnT1 mRNA levels in human PCa tissue is decreased by almost half compared to 

BPH (139.0±84.3 Vs. 272.0±75.9 1010
 18S rRNA copy number). 

  

In keeping with the study above Masarik et al (106) on Western blot analysis PC3 

cells showed up to a >4-fold increase in the MT level with zinc treatment, whereas no 

change in MT level was seen in PNT1A.  They also demonstrated that zinc treatment 

(up to 100µM) did not elicit and change in expression in MT-1A mRNA in either 

PNT1A or PC3 cells. However, significantly higher mRNA levels of the isoform MT-

2A (12-fold) was seen in both cell lines (p<0.001). Also zinc treatment (up to 100µM) 

resulted in significant up-regulation of MT-2A mRNA, up to 80-fold, in PC3 cells. 

The results from both these studies are consistent that zinc does not induce MT-1A 
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expression in PC3 cells. However, MT gene and protein expression, as well as MT-

2A isoform was induced by zinc in PC3 cells. The rationale behind this observation is 

unknown. MTs themselves are overexpressed in response to oxidative stress thereby 

zinc induced expression seen in PC3 cells could potentially one defensive and 

survival mechanism for cancerous cells (168).  

 

Albrecht et al (169) completed an extensive mRNA gene expression analysis of most 

ZIPs and ZnTs in normal prostate epithelial cells (RWPE1) and human tissue, as well 

as three PCa cell lines (LNCaP, DU145 and PC3). The transporters ZnT-3, ZnT-10, 

ZIP2, ZIP4 and ZIP5 were absent in RWPE-1 and human prostate tissue.  ZnT-1 and 

ZIP10 were elevated in RPWE-1 compared to PCa cell lines.  ZnT-4 was elevated in 

LNCaPs, ZIP1 elevated in DU145, ZIP6 in both of these cell lines and ZIP8 in all 

three PCa cell lines. Zinc exposure (75µM for 24 hours) had no effect on mRNA 

expression for the majority of ZIP and ZnT transporters.  Interestingly though there 

were a couple of exceptions inducing 16-fold and 3-fold increase in ZnT1 expression 

in RWPE1 and PC3 cells respectively. A marginal increase in ZnT-2 expression and 

decreased expression of the ZnT-7, Zip-7 and Zip-10 genes was seen in RWPE1 cells.  

 

1.3.3.3.3 Zinc Transporters – Animal Studies 
 

In normal prostate tissue, the ZIP2 and ZIP3 proteins are located on the apical 

membrane of epithelial cells and are thought to be involved with the reabsorption of 

zinc from prostatic fluid (45). Human prostate adenocarcinoma tissue has negligible 

ZIP2 and ZIP3 in the glandular epithelium on IHC compared to BPH tissue (45). 

Stromal prostate tissue is devoid of ZIP2 (157). Iguchi et al (163) showed that ZIP2 
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expression decreased markedly by almost 80% in the lateral prostate (LP) tissue from 

androgen-depleted (surgically castrated) male Sprague–Dawley rats compared to 

controls. In addition, testosterone replacement following castration (2mg SC daily 

testosterone propionate) rescued ZIP2 expression back up to 60% of control, implying 

that ZIP2 transporter expression the rat prostates is androgen dependent. The same 

group of castrated rats had decreased levels of zinc in the LP and ZIP2 expression 

appears to directly correlate with zinc level in the lateral prostate. This strongly 

suggests that ZIP2 is responsible for zinc uptake in the lateral prostate. No difference 

in ventral (VP) and dorsal prostate (DP) zinc levels between groups was observed. 

Expression of ZIP1 in VP in castrated rats increased 2.2 fold, but the same group had 

no change in zinc level. The same group also measured mRNA expression of three 

other zinc transporters: ZnT1, ZnT2 and ZnT4 by SQ-RT-PCR in similar castrated 

and non-castrated male rats (164). Baseline zinc content in LP and DP was 30-fold 

and 4-fold higher respectively compared to other non-prostate tissue. ZnT2 mRNA 

expression was expressed at high levels in the LP and DP whereas ZnT4 was 

predominantly found in the VP. Castration resulted in lower zinc in the LP and in 

general zinc transporter (ZnT1, ZnT2 and ZnT4) expression was unaffected. ZnT-1 is 

localised to the lateral membrane of epithelium, ZnT-2 on lateral and apical 

membrane, ZnT-4 at the luminal border and ZnT-5 around the Golgi apparatus. ZnT-6 

and ZnT-7 generally has uniform distribution across all lobes (165). As highlighted in 

Table 1.2, the ZnT2 transporter sequesters intracellular zinc organelles, and from this 

particular study ZnT2 appears to be localised to the lysosomes and sequesters zinc 

into the vesicular compartment.   

 

ZnT-7 is an important zinc transporter for the translocation of zinc from the 
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cytoplasm into the Golgi apparatus and is expressed in prostate tissue (40). In a ZnT-7 

knockout TRAMP mouse model, Tepaamorndech et al (172) demonstrated an 

accelerated rate of developing prostate tumours and PIN, as well as more metastases 

in the ZnT-7 knockout mice. This implies that elevated cytoplasmic zinc level and 

reduced zinc regulation as a result of ZnT-7 knockdown could play a role in PCa 

development   

 

1.3.3.3.4 Zinc Transporters – Human Studies  
 
 
Rishi et al (159) measured expression of ZIP1 and ZIP2 in 58 prostate cancer 

specimens (30 from Caucasians and 28 from African-Americans) by semi-quantitative 

reverse- transcriptase polymerase chain reactions (SQ-RT-PCR). In age and Gleason 

grade matched samples they discovered very low expression of ZIP1 and ZIP2 

transporters in PCa tissue from African-American men compared to Caucasian men. 

In addition, in both groups expression of both transporters was lower in neoplastic 

tissue compared to normal tissue. Two cadaveric non-neoplastic prostate tissues 

samples from health African-American men also showed slightly reduced expression 

of these transporters at baseline. The findings from this study suggest that as an 

epidemiological group, healthy African-American men inherently express lower ZIP1 

and ZIP2 transporters. This study highlights the possibility of a correlation between 

PCa risk in this population group, who have higher incidence and mortality from PCa, 

and reduced levels of these transporters. However, this correlation is yet to be proven.  

Interestingly other studies have shown that the primary zinc importer ZIP1 has been 

low or absent in human PCa tissue specimens (160) and prostate tumours in mice 

(161).  
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Beck et al (162) conclude that prostate tissue (post-RP human tissue normal, BPH and 

PCa tissue) and also LNCaP and PC3 cells do not express the ZnT-3 zinc transporter. 

PC3 cells that have been virally cloned with ZnT-4 cDNA, in order to produce 

abundant ZnT-4 protein, tend to localise this protein to the plasma membrane as well 

as intracellular vesicles (38). ZnT-4 expression in human prostate tissues is variable. 

One study states that ZnT-4 gene intensity in PCa is 5-fold higher compared to other 

normal tissue controls (38), however other studies suggest that it is lower in PCa and 

BPH tissue compared to normal prostate tissue. (38, 162). ZnT-4 immunoreactivity 

decreases as PCa progresses from locally advanced, to metastatic via lymph nodes 

followed by distant metastasis. Also, ZnT-4 is detectable in LNCaP but very weak 

expression in PC3 cells. Compared to LNCaPs, PC3 cells have a 42-fold and human 

PCa tissue a 8.3-fold lower cDNA expression of ZnT-4.  Although one explanation 

for reduced ZnT-4 expression in PC3 is the absence of chromosome 15 in this cell 

line, which is, where the gene for this zinc transporter is located (170).  

 

As demonstrated in this study and Table 1.6 the expression of the multiple zinc 

importers and exporters is heterogeneous with no clear profile for expression to 

distinguish a cancerous cell from non-cancerous. It appears that zinc homeostasis is a 

dynamic process with constant fluctuations in importer/exporter expression, therefore 

measuring changes in zinc concentration and buffers as close to real time would be 

beneficial.    
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1.3.3.3.5 Zinc Transporters – Summary  
 

 

Dysregulation of intracellular zinc in PCa is likely to be result of multiple ZIP and 

ZnT changes and mutations. For instance the suppression of zinc importers, such as 

ZIP1 which has been reported on numerous occasions may exist alongside up 

regulation of zinc exporters, such as ZnT-4 which is under genetic transformations 

(overexpression of HOXB13 genes) associated with CRPC (158). One cell in 

particular, PC3, which is the focus of the majority of the assays conducted in this 

thesis have marked difference in zinc transporters and buffers, which imply a state of 

zinc dyshomeostasis exists in CRPC and this could be contributing to malignant 

behaviour of these cells. Such abnormalities in PC3 cells include: absence of MT 

isoform MT-1A, but greater response in MT-2A and overall MT, greater increase in 

the major zinc exporter ZnT-1 but absence of ZnT-4.  
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Table 1.6 - Zinc Transporter (ZIP and ZnTs) And Buffer Expressions In 

Prostate Cancer 

 

Author Year 
Zinc Transporter / 

Buffer 
Cell Line / Tissue Method Results 

Masarik 

(106) 

2012 MT-1A and MT-2A PNT1A and PC3 RT-PCR and WB  Isoform MT-2A is significantly more abundant 

than MT-1A in both cell lines 

Zinc treatment results in up-regulation of MT-

2A (80-fold) in PC3 cells on RT-PCR and  >4-

fold increase in the MT level on WB 

Chen 

(58) 

2012 ZIP4 DU145 and PC3  

 

Human PCa and 

BPH tissue 

RT-PCR and WB PC3 cells express 6x higher ZIP4 mRNA than 

DU145  

 

ZIP4 mRNA and protein is down-regulated in 

PCa compared to BPH tissues 

Costello  

(161) 

2011 ZIP1 TRAMP mouse 

prostate tissue  

IHC Absent * 

Albrecht 

(169)  

2008 ZIP1 – 8, ZIP10, 

ZIP12 and ZIP14 

ZnT1 - 10 

RWPE-1, LNCaP, 

DU145 and PC3 

Normal prostate 

tissue  

RT-PCR ZnT-3, ZnT-10, Zip-2, Zip-4 and Zip- 5 

mRNA absent in RWPE-1 and human prostate 

tissue 

ZnT-1 and ZIP10 elevated in RPWE-1 

compared to PCa cell lines  

LNCaPs expressed high ZnT-4 

Zinc induced ZnT1 expression in PC3 cells  

Desouki 

(45) 

2007 ZIP2 and ZIP3  Human prostate 

adenocarcinoma 

and BPH tissue  

IHC Negligible positive staining of ZIP2 and ZIP3 

in glandular epithelium compared to BPH 

tissue    

Iguchi 

(163) 

2006 ZIP2 Castrated 

Sprague-Dawley 

rat prostate tissue 

SQ-RT-PCR  

 

Castration was associated with reduced ZIP2 

mRNA expression  

Huang 2006 ZIP1 – ZIP4  RWPE-1 and RT-PCR, WB and 

immunofluorescen

Similar mRNA expression of ZIP1 and ZIP3 

between cell lines and not affected by zinc 
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(157)  RWPE-2 ce microscopy 

(IFM)  

 

treatment  

On WB ZIP3 expression was comparable 

between cell lines but ZIP1 protein expression 

was down-regulated ~36% in RWPE-2  

ZIP1 protein expression is reduced with zinc in 

RWPE-1 cells  

ZIP1 present on cytoplasmic membrane and 

intracellular vesicles in both cell lines  

Franklin 

(160) 
2005 ZIP1 

LNCaP, DU145 

and PC3 

BPH and paraffin 

mounted human 

PCa tissue 

RT-PCR, WB and 

immunohistochemi

stry (IHC)  

 

ZIP1 expressed in the malignant cell lines 

LNCaP, PC-3 and DU-145 

Tissue specimens essentially devoid of 

demonstrable membrane-associated ZIP1   

 

Huang 

(30)  

2005 ZIP7 and ZnT-1 RWPE-1 RT-PCR, WB and 

IFM 

Zinc treatment increases (x13-fold) ZnT1 but 

has no effect on ZIP7 gene expression 

ZIP7 is located on the Golgi apparatus and zinc 

decreases ZIP7 protein expression  

Beck 

(162) 

2004 ZIP1 and ZIP2 

ZnT-1, ZnT-3 and 

ZnT-4  

LNCaP and PC3 

Human post-

radical 

prostatectomy 

(RP) tissue 

samples  

RT-PCR  LNCaP and PC3 cell lines positive for ZIP1 

and ZnT-1 but negative for ZIP2 

No detectable expression of ZnT-3 in either 

tumour or normal samples  

Expression of ZnT-4 significantly lower in 

PC3, PCa and BPH human tissue specimens 

Iguchi 

(171) 

2004 MT 

ZnT-1 and ZnT-3 

LNCaP and 

androgen-

independent 

LNCaP (AIDL)  

 

RT-PCR 

Cadmium-

saturation assay  

Androgen-independent cells expressed lower 

ZnT-1 and higher expression of ZnT-3 than 

LNCaP cells 

Total MT levels are lower in AIDL cells 

compared to LNCaP cells  

Rishi 

(159) 

2003 ZIP1 and ZIP2 Human prostate 

cancer tissue 

(African-

Americans Vs. 

SQ-RT-PCR  

 

African-Americans expressed low levels of 

ZIP1 and ZIP2 

Caucasians expressed modest degree of both 
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Caucasians)  ZIP1 and ZIP2 

Hasumi 

(167) 

2003 ZnT1 

MT (MT-1A, MT-

1E, MT-1X and 

MT-2A)  

 

 

 

LNCaP and PC3 

Human PCa tissue  

RT-PCR and WB  

 

 

 

 

 

 

  

ZnT1 mRNA detected in both cell lines but on 

WB, zinc treatment significantly increased 

ZnT1 in PC3 but no effect seen in LNCaP 

Isoform MT-1E not detected in LNCaP and 

MT-1A and MT-1E not detected in PC3 cells 

Zinc (100µM) induced MT-1A expression in 

LNCaPs but remained absent in PC3  

ZnT1 mRNA levels were in human PCa tissue 

was significantly lower compared to BPH 

Franklin 

(156) 

2003 ZIP1 and ZIP2 LNCaP and PC3  RT-PCR ZIP1 is the major zinc transporter in PC3 cells 

ZIP2 is undetectable in both cell lines  

Henshall 

(38)  

2003 ZnT-4  Human post-RP 

localised PCa, 

lymph-node 

metastasis (LNM) 

and bony 

metastatic PCa 

(D2) 

IHC, IFM and 

Tissue Microarray 

Analysis (TMA) 

ZnT-4 is localised to intracellular vesicles and 

plasma membrane  

ZnT-4 gene intensity in PCa is 5-fold higher 

compared to other normal tissue controls  

Decreased intensity of ZnT-4 

immunoreactivity   is seen as PCa progresses 

from localised, to LNM, then distant metastasis  

Iguchi 

(164) 

2002 ZnT-1, ZnT-2and 

ZnT-4 

Castrated 

Sprague-Dawley 

rat prostate tissue 

SQ-RT-PCR  

 

Zinc levels in lateral prostate (LP) was 30-fold 

higher than other tissues 

ZnT2 expression was high in LP and DP 

Castration had no significant effect on 

expression of ZnT1, ZnT2 and ZnT4 

transporters 

IHC = immunohistochemical staining; SQ-RT-PCR = Semi-quantitative Reverse-Transcriptase Polymerase Chain Reaction; LP 

= lateral prostate; DP = dorsal prostate; RT-PCR = real-time Polymerase Chain Reaction; MT = Metallothionein; BPH = Benign 

prostatic hyperplasia; LNM = lymph-node metastasis; D2 = bony PCa metastasis; mRNA =  messenger RNA; PCa = prostate 

cancer; IFM = immunofluorescence microscopy; TMA = Tissue Microarray Analysis AIDL = androgen-independent LNCaP  
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1.3.3.4 Total and Free Zn2+ in Prostate Cancer  

 

1.3.3.4.1 Total Zinc Uptake In Prostate Cancer Cells  
 
 
Despite ongoing debate regarding the endogenous level of zinc and that PC3 cells 

might contain less total zinc, the rate of zinc uptake in LNCaP and PC3 cells has been 

shown to be similar. LNCaP and PC3 cells treated with 1µg/mL (~plasma zinc 

concentration) for 4 hours, had a relative increases in zinc by 98% and 118% 

respectively (158). Zinc uptake in PC3 cells is rapid whereby the greatest uptake rates 

occurs within the first 30 seconds of zinc exposure. Furthermore, zinc uptake in 

LNCaP cells was responsive to prolactin and testosterone, whereas in wild-type PC3 

cells zinc uptake was only affected by prolactin, and testosterone had no effect. The 

lack of response to testosterone was confirmed to be due to the absence of androgen 

receptor (AR) in these cells. In tumorigenic RWPE-2 cells accumulate less 

intracellular zinc and expression of ZIP1 is reduced compared to normal prostate 

epithelial cells RWPE-1 (157). Interestingly RWPE-1, which overexpressed ZIP1, 

grew 37 to 43% slower than controls (p <0.01).  Indicating zinc certainly has a role in 

growth in at least normal prostate epithelial cells.    

 

1.3.3.4.2 Free Zn2+ Uptake In Prostate Cancer  
 
 
As previously highlighted, the amount of free Zn2+ (including loosely bound Zn2+) 

considered biologically active is tightly regulated and exists extremely low 

concentrations. It is therefore experimentally quite challenging to distinguish protein 

bound zinc from free (or exchangeable) zinc. The recent development of specific Zn2+ 
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ion fluorescent probes, such as the FluoZin, Zinpyr, Zinspy and ZnAF families, has 

made quantifying free Zn2+ achievable via fluorescence microscopy/spectroscopy 

(173). Quantifying free Zn2+ is one major advantage of fluorescent Zn2+ probes over 

older techniques such as ICP-MS and AAS, but also they can be used in live 

biological cells and allow analyses on a subcellular level. In addition, these 

fluorescent sensors have a potential role in monitoring PCa progression in vivo (174). 

However, studies, which utilise these probes in PCa research, are limited but those 

relevant articles are discussed below.  

 

Masarik et al (106) demonstrated that untreated non-tumour PNT1A cells have 

significantly higher cellular bound zinc and lower free zinc compared to PC3 cells.  

Free Zn2+ levels in CRPC-like PC3 cells increase by 30-fold compared to normal 

prostate epithelial PNT1A cells, which only increase by 3.5-fold when treated with 

100µM zinc (106). After treatment with 100µM zinc PC3 cells had a pronounced 

increase in bound (5.7-fold) and free Zn2+
 (30-fold). In PNT1A cells bound zinc and 

free Zn2+
 increased by 4.1- and 3.1-fold respectively. The higher proportion of free 

Zn2+ in PC3 cells could be an indication of zinc homeostatic dysfunction in these cells.  

The same group, however, measured the IC50 for zinc treated PC3 cells to be 94µM, 

which when compared to normal ISF range of Zn2+ (<5µM) the concentration used in 

this experiment is 10 - 20x-fold higher which could be argued would essentially 

overload homeostatic mechanisms in any cell. A pertinent study by Makhov et al (175) 

measured free Zn2+ uptake by FluoZin-3 fluorescence assay following exposure to a 

physiological zinc concentration (ZnSO4 for 3 hours at 1.5µg/mL equating to ~9.3µM)  

in DU145 and PC3 cells. They concluded that PC3 cells had 6-fold higher cell 

numbers positively stained for zinc uptake compared to DU145 cells.  This is a good 
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study between CRPC cell lines, but no normal control was used. Qin et al (176) claim 

that the genetically encoded Zn2+ sensor ZapCY2 provides estimates of cytosolic zinc 

concentration with little variability, and is comparable to the widely used probe 

FluoZin-3. Mean cytosolic free zinc was significantly higher in LNCaP prostate 

cancer cells compared to normal epithelial cells RWPE1 (270 Vs. 60pM; p<0.001). 

One advantage of the ZapCY2 sensor over FluoZin-3 is that the localisation of 

measured zinc is explicitly cytosolic, whereas the latter incorporates cytosol and 

membrane enclosed compartments hence why FluoZin-3 data interpretation is 

confounded by the inability to define the precise subcellular location of zinc change. 

Zhnag et al (177) constructed a ratiometric fluorescent probe for mobile zinc (HcZ9) 

comparable to ASS and investigated total zinc accumulation in RWPE-1 and 

tumorigenic RWPE-2 cells. Both cell lines showed significant zinc accumulation of 

total zinc after treatment with 50µM ZnCl2 for 24 hours, but smaller increases in 

mobile zinc. This demonstrates that both normal RWPE-1 and tumourigenic RWPE-2 

cells maintained buffered mobile zinc levels even after exogenous zinc stimulation. 

Total zinc uptake rate (measured by ASS) in RWPE-2 is around 33% less than non-

tumourigenic RWPE-1 cells when cells area treated with 75µM for 48 hours (157). 

This contradicts the results from Masarik et al (106) in which PCa cell zinc uptake 

was significantly high than controls. Current evidence suggests that PCa cells may 

have greater Zn2+ uptake, but results are inconsistent and no studies concurrently 

compare normal, androgen-dependent and CRPC cells using physiological, non-toxic, 

zinc concentrations.  
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The overall mitochondrial levels of zinc are significantly higher in prostate tissue 

versus non-prostate tissue (kidney or liver), but also mitochondrial zinc is found in 

abundance in the LP compared to DP and VP in rats.  Localisation of Zn2+ to the 

mitochondria is an important process in normal prostate cells; therefore these new 

techniques should be used to determine if this process is the same or disrupted in PCa 

cells.   

 

One such study by Chyan et al (178) attempted this by using a modified probe of the 

widely applied fluorescent zinc probe Zinpyr-1 (ZP1) called DA-ZP1-TPP (6- 

amidoethyl) triphenylphosphonium Zinpyr-1 diacetate), which has excellent ability to 

specifically target mitochondria in cells. Using this DA-ZP1-TPP probe they 

measured mitochondrial uptake of free zinc in a normal prostate epithelial cell line 

RWPE-1, tumourigenic RWPE-2 cells and prostate cancer PC3 cells.  The RWPE1 

and RWPE-2 cells were cultured for 24 hours in unsupplemented KSFM or zinc rich 

(50µM ZnCl2) KSFM. Mitochondrial free zinc in normal prostate epithelial cells 

(RWPE-1) increased 2.3 fold in zinc-exposed cells, consistent with zinc-accumulating 

behavior of normal prostate cells. In contrast under the same conditions RWPE-2 cells 

showed no increase in mitochondrial zinc uptake. In addition, PC3 cells also showed 

no increase in mitochondrial zinc following 24 hours zinc exposure (either 50µM 

ZnCl2 in 10% FBS RPMI media or 15µM ZnCl2 in serum-free RPMI). These results 

are surprising given the zinc accumulating nature of prostate cells, so the question 

remains as to whether this is truly and effect and what are the sequelae. Further 

investigation into free Zn2+ cellular localisation using fluorescent microscopy (probe: 

N-(6-methoxy-8-quinolyl)- p-toluene sulphonamide) revealed Zn2+ ions in PC3 cells 

treated with 100µM localizing around nuclei, in nuclei and in the inner part of 
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cytoplasm in the form of ‘spots’.  Free Zn2+ levels were low in peripheral cytoplasm. 

In PNT1A cells treated with 25µM free Zn2+ accumulated around nuclei (Golgi, 

endoplasmic reticulum) and within nuclei.  PNT1A cells did not exhibit the same 

‘spots’ as were seen in PC3 cells. Even though this was performed using an extremely 

high dose of zinc, there appears to be a marked difference between normal and 

cancerous prostate cells, which needs to be investigated further.   

 

Zinc ionophores can enhance the intracellular uptake of zinc and have been used 

experimentally to observe the effects and distribution of zinc in PCa cells. For 

instance DU145 cells treated with 50µM ZnCl2 alone does not affect cell viability at 

72 hours and also 30 minute exposure does not affect free zinc levels on FluoZin-3 

assay. The addition of clioquinol, a zinc ionophore, demonstrated that free zinc was 

distributed intracellularly to lysosomes and resulted in apoptotic cell death (179). 

Another zinc ionophore pyrithione has been shown to significantly enhance zinc 

uptake in DU145 cells, which according to the study did not have significant zinc 

uptake from zinc alone. However one has to be mindful that the duration of exposure 

to zinc treatment alone was short (30 minutes) and the concentrations of ZnSO4 used 

were relatively small (~743nM, 1.54µM and 3.10µM) hence why the ‘natural’ zinc 

uptake by the DU145 cells might not have been observed, but an ‘enhanced’ zinc 

uptake at these lower concentrations was facilitated by the addition of zinc ionophore. 

   

1.3.3.5 Metallothionein Expression In Prostate Cancer 

 

Metallothionens (MT), are a group of low-molecular-weight metal-binding proteins. 
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They are essential in zinc homeostasis. Many MT isoforms exist with isoforms I 

(MT1) and II (MT2) being the most common (180). Metallothionens act as 

antioxidants and are predominantly intracellular because zinc undergoes rapid inter-

cluster exchange (181).  A body of evidence supports the up-regulation of MT gene 

expression in response to zinc treatment (167, 182-185). Metallothionein expression 

correlates with Gleason score and pathological stage of PCa, therefore expression of 

this family of metal buffers are clinically significant (186). 

 

MT2A is a major MT isoform in normal prostate PNT1A, and cancerous cell lines 

PC3 and 22Rv1 cell lines (187). Conditions of stress, such as hypoxia, up-regulate 

MT2A gene expression in PC3 cells (188). Using reverse-transcription polymerase 

chain reaction (RT-PCR), Masarik et al (106) examined the two MT isoforms: MT1A 

and MT2A in PNT1A and PC3 cells. Baseline mRNA levels of both isoforms were 

equal between cell lines, and both had up-regulated levels of MT2A up to 12-fold 

higher than MT1A. Zinc treatment did not elicit a change in MT1A mRNA. However, 

in PC3s a distinct 80-fold increase in MT2A class mRNA levels was seen following 

zinc 100µM whereby PNT1A displayed a 10-fold increase.  This effect was replicated 

in a Western Blot for MT1 and MT2 proteins. Adjusting for viable cell count 

untreated PC3 cells produced 3.6-fold more MT protein as compared to PNT1A cells. 

Following zinc treatment (100µM), PNT1A cell line showed mild 4.2-fold increase, 

but PC3 cells showed a tenfold increase in MT protein. 

 

Metallothionein-3 (MT3) is a minor isoform of MT but is found to be sometimes 

overexpressed in PCa (189). Dihydrotestosterone (DHT) suppresses MT3 gene 

expression in LNCaPs and bicalutamide (an androgen receptor antagonist) increased 
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MT3 gene expression even after DHT.  No effect was seen in PC3 cells (190). MT3 

gene expression is androgen dependent in LNCaP cells but not in PC3 cells, which do 

not express an androgen receptor (AR).    

The fact that ADT in the form of bicalutamide in an in vitro androgen-sensitive PCa 

model (LNCaP cells) causes an up regulation of MT3, and conversely there is no 

effect seen in a CRPC model (PC3) demonstrates there is a fundamental difference 

between these cells in how they process and control free zinc. This raises the question 

of whether the progression to a PCa cell to castrate-resistant state changes the 

mechanisms (including metallothioneins) of zinc homeostasis and what effect does 

this have on cell proliferation and protein expression?  The mechanisms responsible 

for the progression of PCa cells to an aggressive phenotype following ADT are yet to 

be established.  

 

1.3.3.6 Tissue, Prostatic Fluid And Serum Zinc Content 

 

1.3.3.6.1 In Vivo Zinc Levels  
 
 
Prostate glands in rats contain higher amounts of zinc compared to other non-prostate 

organs (i.e. kidney and liver cells) (191).  Sapota et al (137) evaluated the 

bioavailability of three different Zn compounds in the prostates of Wistar rats. Over 

30 days they treated rats with Zn sulphate, Zn citrate and Zn gluconate with daily 

doses of either 3.0; 15.0 or 50.0 mg/Zn/Kg. In the Zn citrate and glyconate treatment 

groups body weight was similar to controls. High dose of Zn sulphate (50mg Zn/Kg) 

resulted in significantly lower body weight (Weight (g) Control: 346.27 ±2.02 Vs. Zn 
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Sulfate 50mg: 316.67± 1.36; p<0.05). Elevated levels of Zn in the prostate were found 

with Zn gluconate and Zn citrate with levels increased at higher doses by 42% and 

40% respectively. Zinc sulfate showed no significant increase in prostatic Zn levels.  

Supplemental Zn had no mass effect on the liver, kidneys and prostate.   

 

Liu et al (191) used castrated Male Wistar rats and injection of bromocryptine as a 

hypo-prolactin model to study the level of zinc in regions of the prostate gland in the 

presence and absence of physiological levels of prolactin hormone. The rationale 

behind this study stems from their previous in vitro results whereby zinc accumulation 

was simulated by prolactin and testosterone in prostate cancer cells (158). 

Mitochondrial and tissue zinc levels (ng/mg protein) were several fold higher in 

lateral prostate (LP) (Tissue (T): 1,913 ± 703; Mitochondrial (M): 1,060 ± 273) 

compared to dorsal (DP) (T: 283 ± 96; M: 117 ± 34) and ventral prostate (VP) (T: 357 

± 118; M: 123 ± 24). Injection with prolactin (0.5mg/rat) showed an increased in 

tissue and mitochondrial zinc in the LP (T: +42%; M: +82%) but decreased levels in 

the VP (T: -33%; M: -22%). Cells from rats castrated for 18 hours (hence testosterone 

depleted) versus testosterone treated cells showed testosterone treatment increases 

zinc tissue and mitochondrial levels in the LP (T: +45%; M: +55%) and decreased 

zinc in the VP (T: -86%; M: -42%).   

 

Another study by Costello et al (161) utilised the TRAMP model to compare citrate 

metabolic profile, zinc and ZIP1 levels with normal mouse prostate. In the TRAMP 

tumours, and also human PCa tissue staining with dithizone (DTZ) was absent 

signifying a loss in cellular zinc. ZIP1 IHC staining in TRAMP and human PCa tissue 

appears to be reduced, however when TRAMP C2 cells were cultured and a Western 
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blot performed it revealed that ZIP1 transporter was present on the plasma membrane 

and these TRAMP (prostatic adenocarcinoma) cells were still able to uptake zinc.  

 

1.3.3.6.2 Serum, Urinary and Tissue Zinc  

 

Many previous studies have shown inconsistent results regarding serum zinc 

concentration and PCa.  A recent systematic review and meta-analysis by Zhao et al 

(192) pooled data form 14 studies investigating the correlation between serum zinc 

and PCa or BPH.  Specifically 794 PCa cases were compared to 1359 normal controls 

and showed that serum zinc concentration in PCa patients was significantly lower 

compared to normal controls (Mean difference: −1.18; 95% CI: −1.90 to −0.45)). 

Serum zinc is raised in BPH (Mean difference: +1.77; 95% CI: 0.15 to 3.39).  

 

A meta-analysis by Gumulec et al (193) analysed whether serum zinc concentration 

and also cancer tissue zinc content is associated with epithelial cancers including 

prostate. In PCa, a significant decrease in serum zinc was observed (effect size - 1.36) 

using random effects model-meta-analysis of 7 studies. Zinc content in tissue was 

analysed from 12 eligible studies (containing 240 cases, 226 controls) and detected a 

significant decrease (effect size – 3.90) in PCa.  

 

Serum zinc measurement in not routinely used in the diagnosis and treatment of PCa. 

Li et al (194) suggest that serum zinc may play a role in PCa detection in patients with 

PSA 4 – 10 ng/mL, whereby it had slightly higher detection than free/total PSA ratio 

and total PSA.  However, another case-control study of 392 PCa patients and 783 
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matched controls concluded no association between mean serum zinc levels and PCa 

diagnosis, even after adjusting statistically for clinical stage or high-grade disease 

(195). This evidence supports the belief that serum zinc is not useful in PCa diagnosis 

and hence why is not part of routine clinical practice.  

 

1.3.3.6.3 Zinc In Seminal Fluid  

 
Zinc is an important element in prostatic fluid for sperm release and motility. Normal 

prostatic fluid contains around 500 mg Zn/mL (154). The high levels of zinc present 

in human seminal plasma (140 g/ml) originate from the human prostate, which 

contains the highest concentrations of zinc of all organs in the human body (488 g/ml) 

(196). There is a positive correlation between total and mobile zinc levels in seminal 

plasma (177).  

 

Zinc may have a role as a biomarker to aid prostate cancer diagnosis. Fluorescent zinc 

sensor assay (ZPP1) suggests that free Zn2+ levels in expressed prostatic secretion in 

urine are 3.5-fold lower in biopsy confirmed PCa compared to non-cancer controls 

(8µM Vs. 28µM) (197). Prostatic fluid zinc content as determined by electrothermal 

atomizeratomic absorption spectrometry (ETA-AAS) demonstrated that PCa levels in 

9 patients are reduced compared to 10 normal control subjects (Mean: 1.03 Vs. 7.47 

µM/dL). BPH results in high prostatic zinc (15.01 µM/dL) (198).  Also, free zinc has 

been established as having an important antibacterial role in prostatic fluid, with the 

bactericidal activity is related to the amount of zinc could play a role in the natural 

resistance male urinary tract infections (UTIs) (199).   
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Citrate is an essential component of prostatic fluid from normal prostate epithelial 

cells and as previously explained is an accumulation product from zinc inhibiting 

mAC in the TCA cycle. PCa tissue secretes less citrate compared to normal tissue, 

which could be attributed to lower zinc content (200).  Overall the consensus from 

published literature is that prostatic zinc levels are reduced in PCa and increased in 

BPH; however, the role of zinc as a specific and sensitive urinary or prostatic fluid 

biomarker for PCa diagnosis is yet to be established.  

 

1.3.4 Zinc In PCa Cell Proliferation And Tumour Growth   

 

Zinc accumulation and utilisation is a significant property of prostate epithelial cells. 

In the normal prostate tissue zinc can induce caspase mediated apoptosis via 

mitochondrial Bax pore formation causing cytochrome C release from mitochondria () 

(106).  Zinc also appears to also have regulatory role in PCa cell proliferation and 

numerous studies have investigated the effect of zinc on PCa cell viability, 

proliferation and tumour growth.   

 

 

1.3.4.1 Cell Viability 

 

Prostate cancer cell viability in response to exogenous zinc is an area of great interest 

in PCa research. Many studies have demonstrated the significant effect of zinc on PCa 

cell viability. PC3 viability is severely compromised at lower doses of zinc which is 
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highlighted by the difference in IC50 value up to 100µM difference between PCa and 

normal prostate epithelial cells (106). Kriedt et al (201) also demonstrated that PC3 

cell viability was more compromised at earlier zinc exposure times and doses 

compared to LNCaP cells.  

 

 Masarik et al (106) used two methods to measure cytotoxicity of zinc sulphate in 

PNT1A and PC3 cells: conventional MTT assay and a novel impedance measurement 

xCELLigence system. The IC50 for PNT1A cells was 194µM compared to 94µM for 

PC3s measured by MTT assay. When measured with the xCELLigence system 

method IC50 values were again lower: for PNT1A and PC3 cells was 150µM and 

55µM respectively. Cell size reduces in PC3 following zinc treatment but does not 

change in PNT1A cells. Therefore some marked differences exist between PCa and 

normal cells in response to zinc, which will be investigated further in this thesis.    

 

Hasumi et al (167) incubated LNCaP and PC3 cells with ZnSO4 (50µM, 100µM and 

200µM) for 96 hours and MTT assay demonstrated that after 50µM zinc PC3 cell 

viability was around 90% and LNCaP was 100%. Very high dose (200µM) of zinc 

was unsurprisingly toxic to both cell lines. Interestingly PC3 cells were significantly 

more susceptible to 100µM zinc (~60% cell survival) compared to LNCaP (~90%) 

cells (p<0.01). The tolerance of these cells to 50µM ZnSO4 in this study might be 

attributed to the fact that the authors did not specify if cells were cultured in truly 

SFM, because they define culture medium (CM) as ‘heavy metal depleted 10% fetal 

calm serum’. For the zinc incubation they stated that ‘heavy metal depleted CM’ was 

used for incubation period.  
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Using three PCa cell lines Kriedt et al (201) examined the cytotoxic effects of zinc 

sulfate (ZnSO4) on LNCaP, DU145 and PC3 cells.  After 18 hours of treatment with 

concentrations of ZnSO4 from 175µM, 250µM and 350µM, not surprisingly they 

observed almost complete cell death (>90%) after 350µM zinc treatment in all cell 

lines. At the lowest concentration 175µM and lowest incubation time, cell death was 

around 10-20% in all cell lines and was around 40% at 250µM ZnSO4. After 18 

hours, PC3 cells displayed 40% and 80% death with 175µM and 250µM Zn 

respectively, but interestingly LNCaP cells were less susceptible with cell death 

around 10% and 30% at the same respective concentrations. There was no difference 

in the effect of zinc on cells plated in 2D or 3D extracellular matrix (ECM) or at 

different cell densities (i.e. maximal growth rate or stationary phase). When PC3 cells 

were incubated with a heavy metal ionophore pyrithione (5µM), they observed 

increased cytotoxicity of zinc at lower concentrations (i.e. 25µM of ZnSO4 for 8 hours 

or 18 hours). After 18 hours treatment, cell death was > 95% when PC3 cells were 

treated with 25µM of ZnSO4.  This suggesting that the internalization of zinc is 

important with regards to its toxic effects of PC3 cells. One limitation is that the 

authors did not have a control for untreated pyrithione cells at these lower 

concentrations of ZnSO4, particularly 25µM concentration which I would expect 

would cause a high percentage of cell death after 18 hours of treatment independent of 

pyrithione.  

 

Shah et al (202) demonstrated in an MTT assay that zinc acetate (300 - 400µM) 

causes widespread cell death (~80%) after 18 hours treatment in LNCaP, DU145 and 

PC3 cells. In PC3 cells 400µM of zinc acetate caused 50% cell death within 6 hours. 

The authors also observed noticeable cell death after 24-hour treatment with 100µM 
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of zinc in PC3 cells (no data provided). Interestingly at 300µM zinc acetate dose PC3 

cells appear to be more susceptible to cell death (~62% survival), compared to LNCaP 

(~88%) and DU145 (~98%) after 18 hours of treatment.  

 

It seems consistent that zinc treatment >50µM significantly impacts on cell viability. 

Therefore, to understand the long-term realistic role of zinc in PCa, it is necessary to 

replicate near physiological conditions in vitro. Hence a recurring message throughout 

this review is that some results, which are conducted in supra-physiological 

concentrations of zinc, should be interpreted with caution.  

 

1.3.4.2 PCa Cell Proliferation  

 

Liang et al (203) observed that the growth of LNCaP cells was significantly (p<0.01) 

decreased by 54% and 86% in medium containing 100ng and 1µg Zn/ml respectively. 

This equates to a concentration of around 600nM for 100ng/mL and 6µM for 1µg/mL 

of ZnSO4 (calculated with molarity calculator (204) based on molecular weight for 

ZnSO4  = 161.47 g/mol or Daltons (Da)).  At low concentrations (~600nM) growth in 

PC3s was unaffected. Interestingly they observed that LNCaPs were more sensitive to 

zinc and required a lower concentration (~600nM) compared to PC3 cells (~4µM) to 

achieve >50% decrease in cell growth after treatment for 3 days.  DNA content 

histograms from flow cytometry revealed a 4.9 higher fold of zinc treated (~6µM for 

24 hours) LNCaP cells containing G2/M phase DNA, suggesting that zinc induces a 

G2/M phase arrest in human prostate cancer cells. This was also seen to a lesser 

extent in PC3s that increased 1.8 fold.  Morphological features of apoptosis (such as 
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cell membrane “blebbing,” nuclear chromosome condensation and formation of 

apoptotic bodies) were more abundant in zinc treated cell populations.  However, 

exposure of PC3s to low dose ZnCl2 over 48 hours has been shown to have little 

inhibition of proliferation up to doses of 10µM (205).  

 

Inhibition of cell growth in LNCaPs and PC3s by zinc has also been observed by Ku 

et al (206). They found that ZnSO4 concentration < 100µM had minimal effect on 

LNCaP cells viability. Apoptosis in PCa cells was seen in a time and dose dependent 

manner. Apoptosis did not become apparent in LNCaP cells until after 48 hours 

treatment with 120µM ZnSO4. However, in contrast, necrosis and apoptosis in PC3 

cells was clearly evident much earlier (24 hours) and at a lower concentration ZnSO4 

(50 µM). As expected, apoptosis and necrosis became more extensive the longer the 

duration of exposure to zinc in both cell lines.  

 

Chen et al (207) showed that viability of PC3 cells is unaffected by concentrations of 

zinc sulfate up to 50µM. In combination with sorafenib (an oral multikinase inhibitor 

and chemotherapeutic agent for CRPC treatment (208)) they observed greater 

apoptotic effects. Treatment combination of 5µM sorafenib and 50µM Zn showed a 

40% significant increase (P<0.05) in apoptosis compared to treatment alone with 25 

or 50µM Zn alone.  

 

Costello et al (158) studied the uptake of zinc in LNCaP and PC3 cells, of which these 

PC3 cells had previously been transfected with an androgen receptor (AR). Treatment 

was 1ug zinc/mL in HBSS solution for various periods and cellular zinc levels (ng/mg 

of cell protein) was calculated using a Bradford assay technique. Baseline endogenous 
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level of zinc in LNCaP cells (248 ng/mg protein) was 51% higher than in PC3 cells 

(164 ng/mg protein).  After 4 hours incubation in zinc treatment solution they 

observed a 98% increase in LNCaP cellular zinc (493 ng/mg protein) and 118% in 

PC3s (358 ng/mg protein).  They concluded that both cell lines accumulated zinc from 

the medium, but LNCaP consistently had higher levels of zinc overall. Their further 

results imply that zinc accumulation is directly related to the hormones testosterone 

and prolactin. LNCaP cells when treated with zinc 1ug/mL + 30nM prolactin or 10nM 

testosterone showed an increase in zinc by 51% and 37% respectively. These results 

suggest that zinc accumulation is stimulated by prolactin and testosterone and that 

gene expression is also involved. PC3 cells demonstrated a rapid uptake ability of zinc 

with uptake being greatest with the first 30 seconds of treatment. In LNCaP cells 

uptake of zinc was 3 - 5 times faster than PC3 cells. At expected normal circulating 

range of diffusible zinc (0.3– 0.9 ︎ g/ml), the cellular uptake of zinc by transport was 

increased over the diffusion of zinc by 3-fold for PC3 cells and by 9-fold for LNCaP 

cells.  

 

Hlavna et al (209) evaluated miRNA and zinc related gene levels  (ZIP1, BAX, 

MT2A and MT1A) in normal prostate PNT1A and prostate cancer cells lines: 22RvL, 

LNCaP and PC3 cells. The 22RvL is prostate cancer cell line that was derived from a 

primary (Gleason 9) metastatic human PCa xenograft (CWR22R) and displays weak 

expression for AR compared to LNCaP but more than DU145 and PC3 cells (210).  

Prostate tumour cell lines generally expressed higher levels particular miRNAs (23a 

and 375), which have putative binding sites within 3'UTR of metallothionein genes 

(MT2A, MT1A).  Zinc treatment (5 concentrations varying from 0 – 60µM) for 48 

hours resulted in levels of ZIP1 significantly increased in non-tumour PNT1A cells (r 
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= 0.89 at p = 0.04) and decreased in LNCaP cells (r = -0.96 at p=0.01). MT2A 

expression in PC3 and 22Rvl cells was significantly increased after treatment with 

zinc.  

 

Feng et al (211) have shown that zinc can induce apoptosis in PC3 cells by increased 

activation of caspase-9 and caspase-3 or decreasing mitochondrial transmembrane 

potential and decreased BCl-2 protein levels. Zinc citrate compound increases 

apoptosis in DU145 cells via stimulation of proapoptotic Bax protein and reduced 

expression of Bcl-2 and Bcl-xL (212). Zinc uptake in DU145 cells following zinc-

citrate treatment was higher than in RWPE-1 cells, and the anti-proliferative effects in 

DU145 were greater following zinc-citrate treatment than ZnCl2.  

 

There are conflicting results regarding the influence of zinc on the cell cycle in PCa 

cells. Some report that ~9.2µM of zinc has no effect on the cell cycle distribution in 

PC3 and DU145 cells, where as others have demonstrated that zinc (~6.2µM) results 

in G2/M arrest and accompanied increased in apoptosis in LNCaP and PC3 cells (175, 

203).  

 

High doses of zinc stimulate caspases and subcellular morphological changes 

ultimately resulting in apoptosis in PCa cells. Zinc uptake is rapid therefore this 

programmed death observed could purely be cells being overwhelmed by zinc ions as 

would be the case following exposure to high doses of alternative metals or elements. 

Interestingly, lower and more physiologically appropriate doses (~10µM) appear to 

have an inhibitory effect on the cell cycle and proliferation. Studies comparing non-

cancerous and cancerous prostate cell proliferation following zinc exposure to zinc 
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are limited. The anti-proliferative effects seen DU145, a CRPC cell line should be 

explored further with a normal prostate epithelial control.  

 

1.3.4.3 PCa Tumour Growth In Vivo  

 

Only a few articles have been published specifically examining the role of zinc in 

prostate tumour growth in vivo, and those relevant studies are summarised below and 

in Table 1.7. 

 

Shah et al (202) injected zinc acetate (200µL of 3mM) directly into PC3 xenograft 

tumours in SCID mice to observe the effects of tumour growth, zinc bioavailability 

and survival. The authors opted to use a treatment dose (~ 6mg/kg), which is roughly 

one eighth of the median lethal-dose (LD50) for zinc acetate (50 mg/kg) (213). Zinc 

treatment period was 14 days, but mice were kept alive for a total of 8 weeks. Intra-

tumoural injection of zinc significantly inhibits the aggressive growth of PC3 

xenografts, which persisted even after zinc injection was ceased. Subcutaneous (SC) 

injection of zinc caused a rapid rise in serum zinc levels after 10 minutes, a peak at 90 

minutes and return to normal physiological levels after 24 hours. In this study the 

pharmacokinetics of intra-tumoural (IT) route of zinc administration was largely 

similar to SC injection, except that peak levels were lower with the IT method. This 

dose and administration method was safe in SCID mice and no evidence of zinc 

toxicity was seen in other organs (particularly the liver). Survival was defined as 

removal from control or zinc treatment group due to health reasons or significant 

tumour burden. Since the PC3 xenograft tumours had significantly slower growth in 
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the zinc treatment group, enhanced survival (80% after 8 weeks) was seen in this 

group. In the control group at 8 weeks all animals had succumbed to the debilitating 

effects of the growing tumor, and therefore a significant difference (p<0.002) was 

seen between controls and zinc groups on Kaplan-Meier survival analysis.  

Whilst this is an interesting observation, we must consider both that the zinc 

concentration used (3mM) was exceedingly high and that prostate tumours by nature 

are often multifocal therefore intra-tumoural injection could be difficult logistically 

compared to simple mouse xenograft model (214).  

 

Franklin et al (215) investigated the effect on tumour growth following treatment with 

a zinc inophore (Clioquinol) in ZIP1 knockdown PC3 cell xenografts in nude mice. 

Clioquinol (CQ) is a zinc inophore that has high zinc binding affinity (formation 

constant of log Kf~8), and low toxicity in humans (8). This group have previously 

established that ZIP1 is the most important functional zinc uptake transporter and that 

it is down regulated in PCa (216). In this present in vivo study, clioquinol inhibits 

tumour growth up to 85%. As to be expected, tumour citrate levels were significantly 

increased in the CQ treated group compared to control (7.4 ± 1.2 Vs. 3.5 ± 0.6 

nmol/mg protein). Although tumour zinc levels in the CQ group were increased 

(34%), this was not statistically significant. Citrate accumulation seen in this study is 

due to the inhibitory effect of zinc on mitochondrial aconitase (mAC), which is the 

only known inhibitor of this enzyme (217). This study represents a good model to 

investigate the effects of zinc, independent of ZIP1 zinc importer expression, and 

requires that zinc accumulation (from CQ treatment) within the cell exists as 

exchangeable ‘free’ zinc. The effects of zinc observed in this study (inhibition of 

tumour growth and citrate accumulation) do suggest that in PC3 cells the intracellular 
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mobile pool of Zn2+ is less-regulated and there may be altered intracellular 

homeostatic mechanisms in advanced PCa. This is a key concept that will be 

addressed in this thesis.   

 

Long-term effects of zinc exposure has been examined by Prasad et al (218) in study 

looking at 14-week low (0.85 ppm), optimal (30 ppm) and high (150 ppm) zinc diet 

on prostate tumour weight and serum IL-1ß, IL-6, IGF-1, and IGFBP-3 levels in a 

TRAMP (transgenic adenocarcinoma of the mouse prostate) model. Mean prostate 

tumour weight was 39% higher in the low-zinc diet group compared to optimal-zinc 

controls (p<0.05). High-zinc diet prostate tumour weight was equivalent to control. 

Serum IGF-1 levels were significantly higher in both low and high zinc groups, with 

an increase of 86% and 200% respectively. There was no difference in IL-1ß and IL-6 

among the different treatment groups. IGFs have mitogenesis and anti-apoptotic 

effects on prostate epithelial cells and may be important in the development and 

progression of PCa (219, 220). This study suggests that zinc could have an additional 

effect via IGF-1.   

 

Another in vivo rat study by Banudevi et al (221) induced prostate tumours (by 

testosterone propionate injection and N-methyl-N-nitrosourea (MNU) injection) in 

Sprague Dawley rats together with ZnCl2 treatment (thrice weekly ZnCl2 

supplemented drinking water at 100 ppm. Zinc treatment dose equated to 

~3mg/Kg/day, calculated based on mean rat weight of 292g and 0.75mg intake of zinc 

per day. Prostate tissue and fluid was harvested at the completion of the study period 

of 20 weeks, and analysed histologically (tumour incidence, PIN) and biochemically 

including zinc (measured by atomic spectroscopy), citrate, dorsolateral prostatic acid 
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phosphatase (PAcP) and phase I and II drug metabolizing enzymes. Zinc treatment 

alone (without tumour induction) did not show any evidence of tumour. Non-ZnCl2, 

tumour induced rats had reduced levels of zinc (60%), citrate (52%) and PAcP (51%) 

compared to controls. ZnCl2 supplementation partially reversed these levels towards 

control. As would be expected ZnCl2 treatment increased prostatic zinc (~60µg/g) and 

citrate levels (~31µg/g) compared to controls respectively (~50µg/g and ~25µg/g).  

Also, ZnCl2 treatment reduced lipid peroxidation (LPO) and hydrogen peroxide 

(H2O2) levels by 14% and 34% respectively, compared to high levels in prostate 

tumour-induced rats. In addition, ZnCl2 reduced phase I drug metabolising enzyme 

activities (cyt-p450, cyt-C, cyt-b5-red). Conversely ZnCl2 increased caspase-3, Bax, 

p53 and PCNA protein expression and phase II enzyme activities (GSH). This study 

suggests that zinc may play a protective role in prostate tumours by reducing 

oxidative stress, but zinc alone appears to have little effect on prostate tumour 

architecture and the incidence of tumours.  

 

Another long-term zinc exposure study was conducted by Feng et al (222) whereby 

inoculated nude mice with PC3 cells and administered ZnSO4 via an ALZET osmotic 

pump continuous SC infusion for 28 days. The dose of zinc was considered low 

(30µg/day) or high (45µg/day).  Zinc had no significant effect on animal weight. As 

expected tumour tissue from zinc-treated animals had high zinc levels (measured by 

ASS) compared to controls (16.3 Vs. 12.5 ng/mg). This is important because this 

signifies that PC3 cells can uptake zinc in vivo.  Mitochondrial membrane proteins 

Bax/Bcl-2 ratio was increased in zinc treated groups, which could lead to increased 

permeability and release of cytochrome c () Frozen section staining for apoptotic 

DNA fragmentation (with TUNEL cell-death detection kit) demonstrated more 
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positive staining in the zinc treated group compared to controls but even though the 

authors conclude that zinc causes apoptosis this is a subjective assessment and there is 

no data or statistical analysis (p-value) to support this theory The only reliable 

objective conclusion was an increase in mitochondrial membrane Bax/Bcl-2 protein 

ratio was increased in the zinc PC3 xenografts, which is associated with caspase-

mediated apoptosis in prostate cells. They concluded that zinc treatment resulted in 

smaller size and weight of tumours, however the authors do not provide any data to 

support this theory therefore we cannot ascertain for certain if Bax/Bcl-2 changes 

translated into a change in tumour growth.  Although other studies have shown that 

increases caspase-3 and increased Bax/Bcl-2 protein ratio, leading to increased 

mitochondrial membrane permeability in vivo (221, 222). 

 

Emerging evidence suggests that the established carcinogen cadmium (Cd) has 

significant carcinogenic properties in PCa (223, 224). It has been suggested that 

cadmium and zinc share a common transport pathway, and hence zinc treatments 

could reduce the carcinogenic effects of cadmium. One group Arriazu et al (225, 226) 

investigated this potential anti-carcinogenic effect of zinc on cadmium in 60 Sprague 

Dawley rats. Rats were classified according to treatment (n=20 per group) and their 

drinking water was supplemented with the metal Cd (60 ppm or 0.006%) alone, or in 

combination with ZnCl2 (50ppm or 0.005%) and 5 rats per group were euthanised 

until the completion of the study at 24 months. Native prostate tissue was harvested 

post-mortem and histologic evaluation for evidence of dysplasia as well as 

immunostaining for AR, caspase-3, p53, Bcl-2 and proliferating cell nuclear antigen 

(PCNA) was performed. Rationale for using rats in this study was justified by 

numerous previous studies (227-230) using the same model and also that 
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morphological similarities between human Prostatic Intraepithelial Neoplasia (PIN) 

and experimentally induced dysplastic changes in rodent prostate have been previous 

reported (231, 232) .The clinical relevance of this model being that PIN is a pre-

malignant histologic change and high-grade PIN represents the most likely precursor 

to invasive PCa (233, 234). Both treatment groups (Cd alone) or (Cd+Zn) both 

showed significant increase in quantified caspase-3 positive cells. But importantly 

there was no difference between Cd alone and Cd+Zn treatment groups, implying that 

in this study zinc did not have any influence on caspase-3 in the dysplastic regions of 

rat prostates. Long-term cell proliferation was increased in dysplastic regions from 

both treatment groups (Cd alone and Cd+Zn) but this increase was independent of 

zinc. Overall, there were no significant changes in the markers studied (AR, caspase-

3, p53, Bcl-2 and PCNA) or cell proliferation in the combined treatment group. One 

of the positive points from this in vivo study is the longevity of the study period (24 

months), which is relevant to PCa since it is universally recognised as a slow-growing 

indolent cancer and so molecular changes could occur over a period of months to 

years. However, the most salient limitation is that is does not include a treatment 

group looking the effects of zinc treatment alone.  

Generally there is no consensus in the literature regarding the effect of zinc on tumour 

growth in vivo due to conflicting observations (Table 1.7). Published evidence on zinc 

toxicity in rodents and animals is lacking and the optimum therapeutic dose of ZnCl2 

in SCID mice is unknown.  Some effects on zinc observed in vitro are translated to in 

vivo such as zinc tumour uptake, inhibition of tumour growth and induction of pro-

apoptotic proteins.  
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Table 1.7 – Summary Of Published Articles Investigating The Role of 

Zinc In PCa In Vivo    

Author Year 
Animal Type 

(n per group) 

Treatment 

Regime 

 

Route Cell Line or Tissue Conclusions 

Franklin 

(215) 

2016 Nude Mice 

(n=5) 

Zinc inophore 

(Clioquinol) 

33mg/Kg injected 

IP every second 

day  

IP ZIP1 knockdown PC3 

cell xenograft tumours 

Clioquinol treatment inhibits tumour growth up 

to 85% and increases citrate levels by 111% 

Sapota (137) 2014 Wistar Rats  ZnSO4, ZnCit or 

ZnGlu 

(3 mg/Kg, 15 

mg/Kg or 

50 mg/Kg) daily  

IG Native prostate, liver 

and kidney   

 

High dose (50mg/Kg) ZnSO4 causes significant 

weight loss.  

ZnCit and ZnGlu were effective in increasing 

prostatic zinc 

Banudevi 

(221) 

2011 Sprague 

Dawley Rats 

(n=10) 

ZnCl2 (100 ppm) 

supplemented 

drinking water (3 

x per week) (~ 

2.56 mg/kg/day) 

PO Carcinogen 

(testosterone + MNU) 

induced prostate 

tumours  

ZnCl2 reduces H2O2 and LPO levels, phase I drug 

enzyme activity (cyt-p450, cyt-C, cyt-b5-red). 

Zinc treatment significantly increased body 

weight, caspase-3, Bax, p53 and PCNA protein 

expression and phase II enzyme activities (GSH) 

Costello 

(161) 

2011 TRAMP mice  

(n=12) 

Vs. Normal 

mice (n=4) 

Nil Nil Harvested native 

prostate tissue and 

metastatic lymph nodes 

Absent staining for cellular zinc and ZIP1, and 

marked decrease in citrate in TRAMP prostate 

cancer tissue.  

Nardinocchi 

(235) 

 

2010 CD-1 male 

nude mice 

(n=4) 

ZnCl2 OD PO U373MG 

(glioblastoma)  

Suppression of HIF1a expression (Luciferase 

transfection and bioluminescence imaging)  

Prasad (218) 2010 TRAMP mice  

(n=6) 

Zinc-deficient 

(0.85 ppm), 

normal zinc 

(30ppm) or high 

zinc (150 ppm) 

diet for 14 weeks 

PO Harvested native 

prostate tissue and 

blood  

Low-zinc diet causes 39% increase in prostate 

tumour weight 

Low and high zinc increase serum IGF-1 levels 

No effect on weight 

Shah (202) 2009 SCID mice 

(n=10) 

Zinc acetate 

(3mM) intra-

IT PC3 xenograft IT injection of zinc significantly inhibits growth 

of PC3 xenografts and enhances animal survival  
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tumoural injection 

every 48 hours 

Iguchi (163) 2006 Sprague 

Dawley Rats 

(n=5) 

Surgical 

castration, sham 

operation (control) 

and castration + 

testosterone (14d) 

SURG 

or 

SURG 

+ SC 

Harvested native 

prostate tissue  

Surgical castration was associated with reduced 

zinc and ZIP2 expression in the lateral prostate  

Arriazu 

(225, 226) 

2006 Sprague 

Dawley Rats 

(n=20) 

 

Cadmium (60 

ppm) +/- ZnCl2 

(50 ppm) 

supplemented 

drinking water  

PO Native prostate gland Both treatments increased Caspase-3, but 

independent of zinc.  

No effect of treatments (Cd alone or Cd+Zn) on 

AR, p53, Bcl-2 or PCNA. Increased cell 

proliferation in Cd alone 

Feng (222) 2003 Nude Mice 

(n=12) 

ZnSO4 given via 

osmotic-pump for 

28 days.  

Low dose 

(30µg/day) or high 

dose (45µg/day) 

Os-P PC3 subcutaneous 

xenograft tumours 

Zinc increased Bax/Bcl-2 protein ratio. No effect 

on animal weight. Possibly an increase in 

apoptosis and decrease in tumour weight and 

size (no data provided) 

Liu (191) 1997 Castrated 

Male Wistar 

rats  

 

Bromocryptine 

OD for 2 days 

Or prolactin 

0.5mg 

 

SC Native prostate gland  Overall tissue and mitochondrial levels of zinc 

were increased in the LP of rats treated with 

testosterone or prolactin  

 

PO = oral; Os-P = Osmotic-pump; IP = Intra-peritoneal; IT = Intra-tumoural injection; IG = Intra-gastrically; OD = once daily;  

SURG; Surgery; ZnSO4 = Zinc sulphate; ZnCit = Zinc citrate; ZnGlu = Zinc Gluconate; H2O2 = Hydrogen Peroxide; LPO = lipid 

peroxidation; MNU = N-methyl-N-nitrosourea; TRAMP = transgenic adenocarcinoma of the mouse prostate  
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1.3.5 Cellular Metabolism in PCa  

 

The tricarboxylic acid cycle (TCA cycle) (Figure 1.4) is a series of enzyme-catalyzed 

reactions that occur within the mitochondria of cell, which are essential for aerobic 

cell metabolism. Citrate oxidation via the TCA is the major pathway of the energy 

production from carbohydrate and fat metabolism. Around 30 ATP molecules are 

formed when glucose is completely oxidised to carbon dioxide (CO2), which 

supersedes the traditional estimate of 36 molecules of ATP (236). The majority of 

ATP molecules (26 out of 30) molecules are formed by oxidative phosphorylation and 

the TCA cycle responsible for generating around 20 ATP molecules (per glucose 

molecule).  Anaerobic metabolism of glucose yields only 2 molecules of ATP.  

 

Mitochondrial aconitase (mAC) is an essential enzyme for the conversion of citrate to 

isocitrate in the TCA cycle. In normal prostate epithelial cells mitochondrial zinc 

levels are high, which in turn inhibits the effect of mAC, thereby resulting in 

decreased citrate oxidation (211, 237, 238).  As previously stated, citrate 

accumulation for excretion in prostatic fluid is essential for the normal function of 

prostate cells, and is unique to prostate tissue compared to other tissue in the human 

body.  Normal prostate cells are characterised as exhibiting a high aerobic glycolysis 

and low respiration. It is thought that zinc may play an inhibitory role in terminal 

oxidation and therefore low respiration in these cells. In vitro CRPC cells (PC3 and 

DU145) have been shown to have a different metabolic phenotype (low respiration / 

ATP production and high glycolysis) compared to the oxidative phenotype seen in 

LNCaP cells (high respiration / ATP production and low glycolysis) (239).  
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High glycolysis and lactic acid production alteration has been linked to other cancer 

cells  besides advanced PCa cells (240, 241). The citrate/lactate ratio in PCa has been 

shown to correlate with differentiation and also that glycolysis is important in 

maintaining cellular ATP levels for migration of PCa tumours in rats (242). One 

theory is that the increase of 22 ATP/mol glucose needed by PCa cells for malignant 

processes is achieved by a transition from citrate-accumulating normal prostate cell to 

a citrate-oxidising malignant cell. The enzyme mitochondrial aconitase (mAC), which 

is essential in the TCA cycle for the conversion of citrate to isocitrate (Figure 1.4), is 

presumed to be critical in this bioenergy transformation (243). To investigate the 

significance of this enzyme mAC in PCa, Juang et al (244) used LNCaP, DU145 and 

PC3 cells, which were and transfected with a human mAC-antisense vector to block 

the endogenous mAC biosynthesis, and then measures mAC enzyme activity, citrate 

and total intracellular ATP and cell proliferation. Baseline mAC protein levels and 

gene transcriptions was equivalent across all non-transfected PCa cells. Intracellular 

ATP was 50% lower in LNCaP compared to DU145 and PC3 cells. In the mAC 

antisense transfected DU145 and PC3 cells had 60% reduced mAC activity and 30-

80% decreased cellular ATP levels. Citrate excretion was increased 40-100%, and in 

particular the transfected PC3 cells increased 40% citrate secretion and reduced ATP 

synthesis by 80%. Hence, this illustrates that cellular ATP synthesis in PC3s is 

primarily from the TCA cycle. In addition, mAC antisense transfected DU145 and 

PC3s both had lower rates of proliferation of 50 - 150% when incubated for 15 days. 

Therefore in principles the effect of zinc treatment should be similar in these cells, 

since zinc inhibits mAC.  
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Costello et al (245) demonstrated that zinc (20µM) has an inhibitory effect (50-60%) 

on succinate-stimulated respiration of mitochondria from rat ventral prostate cells. 

Their studies suggest that this inhibitory effect is not related to whether the zinc is 

available as free Zn2+ ions or as zinc-ligands, as different zinc preparations (ZnCl2 = 

20µM, ZnCitrate = 3µM and ZnCysteine = 1nM free Zn2+) had the same inhibitory 

effect. The inhibitory effect of zinc on respiration is not specific to prostate tissue as it 

was also observed in liver mitochondria. The cause of this inhibition could be due to 

inhibition (40–60%) of succinate and NADH oxidation by zinc in prostate 

mitochondria leading to cytochrome c reduction.  

 

Interestingly though unlike normal prostate cells, Tsui et al (205) measured 

mitochondrial aconitase (mAC) enzyme activity in PC3 cells treated with ZnCl2 but 

found no significant changes up to doses of 10µM. High dose ZnCl2 treatment 

(100µM) did show a blocking effect on mAC but as acknowledged by the authors in 

this study, and previously highlighted in this literature review, this low activity of 

mAC was more likely due to the cytotoxic effect of high concentration of ZnCl2. This 

is supported by low lactate dehydrogenase (LDH) in the 100µM ZnCl2 treatment 

group. However, using humic acid (a deep brown organic acid that forms chelate 

compounds with heavy metals) as an alternative carrier for zinc (Zn-HA), they found 

that mAC was inhibited around 50% with 10µM of Zn-HA for 16 hours. In addition, 

10µM Zn-HA treatment resulted in a 1.6 fold increase in excreted citrate 

concentration and also a 40% reduction of intracellular ATP levels.  This suggests that 

facilitated zinc uptake in PC3 cells, does have an effect on metabolism in these cells 

and it remains to be addressed if zinc is a primary driver in the low respiration and 
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high glycolytic metabolic phenotype seen in CRPC cells.  
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 Figure 1.4 - Tricarboxylic Acid Cycle (TCA)  

The tricarboxylic acid cycle (TCA cycle) is a series of enzyme-catalyzed 

reactions that occur within the mitochondria of cell, which are essential for 

aerobic cell metabolism. ATP molecules (26 out of 30) molecules are formed 

by oxidative phosphorylation and the TCA cycle responsible for generating 

around 20 ATP molecules (per glucose molecule).  Anaerobic metabolism of 

glucose yields only 2 molecules of ATP. Figure adapted from (246).  
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1.3.6 Resistance Mechanisms In PCa  

 

Docetaxel (plus prednisolone) is the mainstay chemotherapeutic option for the 

treatment of CRPC recurrence post-ADT, but although this has been shown to have 

some survival benefit clinical outcomes are generally poor (95-97). Therefore much 

cancer research is focussed on trying to establish more efficient chemotherapeutic 

agents or delivery for PCa. A few recognised resistance mechanisms to chemotherapy 

and radiotherapy used by CRPC have been established (247), however these 

mechanisms are not entirely understood. Some Pathways of resistance in CRPC have 

been outlined: (androgen receptor (AR) amplification, AR promiscuity, outlaw and 

bypass pathways, co-activators and co-repressors, and PCa stem cells) (248). Zinc 

could be implicated in one or more of these pathways. Survival of CRPC cells in the 

presence of chemotherapy agents is multifactorial, such as impaired delivery or 

absorption, increased metabolism of the agent or overexpression of target protein and 

the activation of oncogenic pathways (249, 250).  The latter of these reasons if 

relevant because new pathways or new links to existing pathways are being uncovered 

by cancer research as PCa evolves.  
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1.3.6.1 Current Challenges In CRPC Treatment  

 

CRPC cells are extremely resistant to chemotherapy. Even within the spectrum of 

CRPC-like cell lines compared to DU145, PC3 cells have higher dose tolerance in 

response to docetaxel, and also two-tyrosine kinase inhibiting (TKI) agents Sunitinib 

and Sorafenib (251). In addition Cisplatin, which is a platinum based chemotherapy 

agent, which inhibits DNA formation but also induces ROS generation, PC3 cells 

show higher resistance to cisplatin induced apoptosis (252, 253). Therefore, enhanced 

survival under oxidative stress could be important mechanism in CRPC and will be 

addressed later in this thesis.  

 

Zinc has been implied in the resistance of PC3 cells to docetaxel. Makhov et al (175) 

demonstrated that non-prostate myeloid progenitor TF-1 cells had higher zinc uptake 

(82%) compared to DU145 (3%) and PC3 (19%) cells. Also, in TF-1 cells zinc pre-

conditioning (~9uM for 3 hours) protects from docetaxel-mediated (50nM for 18 

hours) mitotic arrest. In this instance zinc pre-treatment alone had no protective effect 

on docetaxel mediated mitotic arrest in PC3 and DU145 cells. However, a protective 

effect was observed in PC3s treated concomitantly with zinc and the zinc ionophore 

pyrithione. Zinc uptake resulted in a significantly reduced number PC3 cells 

undergoing mitotic arrest and also apoptotic-mediated cell death in docetaxel-treated 

PC3 cells (12% Vs. 53%). Zinc pre-conditioning treatment in this instance has been 

shown to be protective in a non-prostate cancer cell line and with facilitated zinc 

intake zinc potentially has a role in protecting PC3 cells against docetaxel. The exact 

mechanism is not specified but this potential protective effect of zinc is examined 

later in this thesis.  
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Zinc has been shown to increase resistance to cisplatin chemotherapy and 

radiotherapy in LNCaP cells via an up-regulation of MT expression. Zinc pre-

treatment that consisted of 150µM of ZnSO4 for 72 hours significantly increased MT 

expression, reduced cisplatin (Cisplatin alone 30.64% Vs. Cisplatin + zinc 16.64%) 

and radiation-induced apoptosis (Radiation alone 9.26% Vs. radiation + zinc 1.17%). 

This suggests an association between pre-treatment with zinc, MT expression and 

resistance to chemotherapeutic agents (185).   

 

Zinc has also been implicated in other pathways. Genes controlled by the NF-κB 

transcription factors have been shown to be associated with malignant transformation 

(254), progression of androgen-independent growth in prostate cancer (255), and drug 

resistance in other malignancies (256, 257).  One theory is that inhibition of NF-κB 

sensitises the prostate cancer cells to TNF-α apoptosis, however the original published 

article from 2000 by Muenchen et al (258) was fully retracted in 2002. Another group 

Uzzo et al (259) used androgen-independent PC3 cells and physiological levels of 

zinc (0.25 – 0.5µg/ml) to investigate this inhibitory effect of zinc on the NF-κB 

family of transcription factors and subsequently sensitivity to paclitaxel treatment. 

PC3 cells that were pre-incubated with zinc (0.5µg/ml) and pyrithione (4µM) for 30 

min, followed by treatment with paclitaxel (50nM) for 24 h, had an apoptotic rate of 

56.4% compared to 6.8% in control and 7.3% in pyrithione alone.  The authors 

suggest that this lower dose of zinc sensitises PC3 cells to apoptosis in the presence to 

anticancer agent paclitaxel by a NF-κB dependent pathway.   Furthermore in another 

study zinc administration (up to 50µM) has been shown to increase PC3 cell 

susceptibility to induced apoptosis by sorafenib chemotherapy (207).   
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1.3.6.2 Hypoxia-Inducible Factor 1α (HIF1α) 

 

Hypoxia Inducible Factor-1α (HIF1α) is a transcription factor, which is activated 

when a normal cell is exposed to hypoxic conditions and it induces specific genes for 

angiogenesis, metabolic adaptation to low oxygen (glycolysis) and cell survival. HIF1 

is heterodimer composed of a constitutively expressed β-subunit (HIF-β) and a α- 

subunit (HIF-α), the latter of which is normally expressed at low levels under 

normoxic conditions. HIF1α expression is stimulated by hypoxia but is also 

stimulated by growth factors and activation of oncogenes including carcinogens (260). 

However, HIF1α is unregulated and ultimately overexpressed in many human cancers 

(Table 1.8) commonly as a result of intratumoural hypoxia and genetic alterations 

(261). As highlighted in Table 1.8 the overexpression of this protein generally is a 

poor prognostic indicator and it promotes survival and resistance to treatment. 

However, the full implications of HIF1α and cancer progression still remain unclear 

(262-264).   

 

Hypoxia is a major factor in tumour progression, whereby the growth of tumour cells 

creates a poorly perfused hypoxic zone away from neovascularisation. HIF1α is the 

most important transcription factor in hypoxia, more so than other factors AP-1, NF-

B. (260). It primarily induces the expression of genes such as those coding for 

glycolytic enzymes, VEGF and erythropoietin (265-267). Therefore it is extremely 

influential to cell survival and the focus of much research. Published evidence 

suggests genetic causes and tumour hypoxia in prostate tumours are not the cause for 
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overexpressed HIF1α in PCa (268-270). High HIF1α expression in CRPC under 

normal oxygen conditions is well established, and even though this is a positive 

predictor for biochemical failure following surgery, metastatic disease and 

development of castrate-resistant disease, it still remains unknown why HIF1α is up-

regulated in some prostate tumours (262, 271-274). 
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Table 1.8 - HIF1α Expression And Clinical Outcomes In Human Cancers   

Cancer Clinical Association 

Prostate 
Metastatic disease (262), tumour size (275) and 

treatment resistance (276) 

Clear cell renal cell 

carcinoma (RCC) 
Positive prognostic factor (277) 

RCC 
No association with tumour size, invasion or stage or 

grade (277) 

Oligodendroglioma Increased mortality (278) 

Breast Increased mortality (279, 280) 

Gastrointestinal stromal 

tumour of stomach (GIST) 
Increased mortality (281) 

Cervical (early stage) Increased mortality (282) 

Lung (NSCLC) 
Decreased mortality (283) 

Increase mortality (HIF2α) (284) 

Oral SCC Decreased mortality (285) 

Ovarian (p53 overexpression Increased mortality (286) 

Endometrial Increased mortality (278) 

Oesophageal (BCL2 

overexpression) 
Treatment failure (287) 
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1.3.6.2.1 Regulation of HIF1 α 
 

HIF1α is a transcriptional complex which codes for more than 200 genes for cell 

survival and can ultimately protect against oxidative stress injury, androgen 

deprivation, chemotherapeutic and radiation cytotoxicity (288, 289) (Figure 1.5). It is 

primarily regulated by oxygen but also to a minor degree certain oncogenes.  

 

Firstly, with regards to oxygen as a regulator more specifically the subunit HIF1α is 

the component of HIF1 that is regulated by hypoxia. Regulation of HIF1α is inversely 

related to the oxygen concentration by an oxygen-dependent enzymes: prolyl-

hydroxylases (PHD). In hypoxia, cells respond by sensing the oxygen concentration 

as the enzymatic activity of PHD, regulating levels of HIF1α and thereby it’s 

transcriptional activity for the expression of hypoxia-responsive molecules.   

 

HIF1α levels are regulated by oxygen-dependent prolyl hydroxylase (PHD) enzymes.  

These PHD enzymes hydrolise the proline residues at the oxygen dependant domains 

of HIF1α in presence of oxygen and iron (235). This process ‘marks’ the HIF1α 

thereby targeting it for proteasomal degradation (290). Factor inhibiting HIF-1 (FIH-

1) inhibits HIF1α trans activity by hydroxylation of Asn803 at the C-terminal 

transactivation domain (TAD-C), which inhibits the interaction of HIF1α with co-

activator p300 (Figure 1.5) (291). In tumour cells HIF1α can also be regulated by 

genetic factors. Oncogenes (Ras and phophoinositide 3-kinase) or loss of tumour 

suppressor genes (p53, von Hippel-Lindau (VHL) and PTEN) influence regulation of 

HIF1α even in the presence normoxia (260, 289).    
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Figure 1.5 - HIF1α Degradation In Normoxia And Activation Under 

Hypoxic Conditions 

In a normal cell under normoxic conditions the pathway for HIF1α 

degradation pathway is activated: proteasomal degradation is achieved by 

binding to pVHL-E3-ubiquitin complex mediated by prolyl-hydroxylase (PHD) 

enzymes which function with co-factors iron (Fe2+), ascorbate and 2-

oxoglutarate. Under hypoxic conditions the HIF1α degradation pathway is 

inhibited leading to gene transcription responsible for angiogenesis, 

erythropoiesis, cell survival, glucose metabolism and proteolysis. Figure 

adapted from original (292-294). 
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1.3.6.2.2 HIF1α In Prostate Cancer 
 

High HIF1α expression in prostate cancer tissues is well established (274) (Table 1.9). 

Up regulation of HIF1α occurs early in prostate carcinogenesis and has been shown to 

be present in high-grade prostate intraepithelial neoplasia tissue (295). Tumour 

hypoxia has been implicated in poorer prognosis in PCa (288). However, the 

underlying mechanisms surrounding tumour hypoxia and HIF1α are protective in 

nature, thereby promoting survival of the cancer cell. Specifically, molecular 

responses to hypoxia protect against oxidative stress injury, androgen deprivation, 

chemotherapeutic and radiation cytotoxicity (288). A few studies suggest that 

overexpression of HIF1α is a positive indicator for aggressive PC disease such as 

progression to increased risk of biochemical failure, reduced survival (271-273), 

metastatic disease and development of castrate-resistant disease (262). HIF1α has also 

been linked to the expression of multidrug-resistance genes (MDR1) and linked to 

pathways of tumour resistance in PCa (296, 297).  
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Table 1.9 – Published Studies Investigating The Expression Of HIF1α 

And Its Clinical Significance In Prostate Cancer 

Author 
Tissue type; methods 

and sample size (n) 
Aim 

Positive 

correlations 

Negative 

correlations 

Ranasinghe (262) Whole-mount 

histology (from RP 

specimens); IHC; 

n=104 

HIF1α in the 

regulation of CRPC 

High HIF1α is 

risk factor for 

metastatic 

disease (HR=9.8, 

p = 0.017) and 

developing 

CRPC (HR 10.0, 

p=0.021) 

High HIF1α and 

stage, Gleason 

grade.  

Gravdal (273) Tissue microarray 

samples (from RP 

specimens); IHC; 

n=104 

HIF1α expression 

significance in PCa 

Strong HIF1α 

associated with 

EMT markers  

High HIF1α and 

clinicopathologic 

factors (Gleason 

grade, stage, 

EPE, SVI, LND) 

Lekas (298) Whole-mount 

histology (RP 

specimens); 

immunohistochemistry 

(IHC) ; n=85 

HIF1α expression Vs. 

grade  

High HIF1α 

associated with 

high grade PCa 

(p<0.001) 

 

High HIF1α 

expression in 

PCa tissue Vs. 

BPH (p=0.001) 
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Borren (275) Whole-mount 

histology (from RALP 

specimens); IHC; n=15 

HIF1α and HIF2α 

expression Vs. DCE-

MRI PC outcomes  

HIF2α 

expression and 

tumour size 

(P=0.041) 

 

 

HIF and Gleason 

grade  

Du (274) Whole-mount 

histology; IHC; n=34 

HIF1α Vs. Gleason 

grade and clinical 

stage  

 HIF1α and 

clinicopathologic 

factors 

Fraga (276) Blood; Real-time PCR; 

n=754 PCa patients 

HIF1α +1772 C>T 

genetic polymorphism 

Vs. PCa metastasis 

and risk 

HIF1α +1772 T-

allele carriers 

have increased 

risk of 

developing 

metastasis (OR, 

2.0; 95%CI, 1.1–

3.9) and 

resistance to 

ADT (OR, 6.0; 

95%CI, 2.2– 

16.8) 

HIF1α +1772 

polymorphism 

not associated 

with prostate 

cancer risk  

Hao (299) Tissue sample 

histology; IHC; n=42 

HIF1α Vs. PCa 

outcomes 

Higher HIF1α in 

patients with PCa 

metastasis 

(p<0.05)   

 

Boddy (300)  Tissue microarray 

samples (from RP 

specimens); IHC; 

n=149 

HIF Vs. PCa Significant 

correlation of 

HIF1α and HIF-

2α expression 

HIF1α and PSA 

recurrence 

(p=0.20) 
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(p=0.02)  

Zhong (295) Whole-mount 

histology (from RP 

specimens); IHC; n=10 

Quantify HIF1α 

expression in PIN  

Up regulation of 

HIF1α in PIN  

 

RP = Radical Prostatectomy; IHC = Immunohistochemistry; PIN = Prostatic Intraepithelial Neoplasia; 

PSA Prostate Specific Antigen; ADT = Androgen Deprivation Therapy; EPE = Extra-Prostatic 

Extension; SVI = Seminal vesicle Invasion; LND = Lymph Node Disease; CRPC = Castrate-Resistant 

Prostate Cancer  
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1.3.6.2.3 Zinc And HIF1α In PCa 
 

As highlighted previously HIF1α up regulation is an important step in tumour 

progression leading to more aggressive growth and chemoresistance. Published data 

addressing the relationship between HIF1α expression and Zn2+ in PCa is limited.  

 

Nardinocchi et al (235) evaluated the molecular mechanisms of HIF1α in two cell 

phenotypes derived from prostate cancer patients: C27 and C38. The C27 cell line is 

characterised by stabilised HIF1α protein in normoxic conditions, similar to that seen 

in PC3 cells (262). However, C38 cells show no expression of HIF1α in normoxia. In 

hypoxic conditions (2% O2) stabilised HIF1α seen in C38 cells was then suppressed 

after treatment with ZnCl2 100µM for 24 hours. A similar effect was seen in C27 cells, 

which express HIF1α in both normoxia and hypoxic conditions. The findings were 

also consistent with HIF2α protein. In both cell lines the mRNA of HIF1α target 

genes (VEGF, MDR-1 and Bcl2) were suppressed by ZnCl2. The same group also 

demonstrated that treatment with ZnCl2 (100µM for 24 h in basal hypoxic conditions) 

caused a reduction in invasive behaviour in the C27 prostate cancer and U373MG 

glioblastoma cells (Table 1.7). Interestingly, the metal cobalt (Co2+) had the opposite 

effect to zinc, not surprisingly as it has been previously shown that Co2+ can induce 

HIF1α expression (262). The suppressive effect of zinc on HIF1α was also seen in 

vivo, however this was only in the non-prostatic U373MG glioblastoma cells only. 

Using bioluminescent imaging techniques and luciferase transfected U373MG cells 

into athymic nude mice, four days of oral treatment with ZnCl2 10mg zinc/Kg 

significantly suppressed HIF1α luciferase levels compared to controls.  This study did 

not include an in vivo model using prostate cancer cells and thus it cannot be 
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determined that the suppressive effects of zinc on HIF1α observed translate. In 

addition, the prostate cells used (C27 and C38) are less established and recognized in 

vitro prostate cancer model compared to DU145, LNCaP and PC3s cell lines (139, 

301-304).  

 

Conflicting results have been shown by Jeong et al (251) who studied the induction of 

HIF1α and HIF2α by zinc sulphate (ZnSO4) in DU145 and PC3 cells. They treated 

cells with concentrations of ZnSO4 (50µM increments from 50µM to 250µM) for 2 

and 4 hours. ZnSO4 induced HIF1α and HIF2α expression in a dose dependent 

manner in both CRPC cell lines.  Within the first 3 hours both HIF1α and HIF2α were 

stabilised with increasing doses, but this effect decreased after 4 hours. PC3 and 

DU145 cells were then transfected with HIF1α and HIF2α silencing siRNAs and cell 

viability was assessed using a cell counting Kit-8. Interestingly, cell viability in these 

cell lines when transfected with siRNAs changed compared to zinc treated controls. 

Cell viability of DU145 and PC3 cells decreased significantly by 26% in PC3 and 

42.4% and DU145 cells respectively compared to ZnSO4 treated controls (PC3s cells 

100µM and DU145 cells with 200µM of ZnSO4) when HIF1α was silenced 

transfected with siRNA. Cell viability was also reduced in cells with suppressed 

HIF1α and/or HIF2α protein. This implies that zinc induced HIF1α alone has more of 

profound effect on the survival and viability of DU145 and PC3 cells. This is an 

important concept in this thesis whereby experiments regarding HIF1α expression 

were conducted, the results of which will be discussed later.   

 

The same group also observed that ZnSO4 treated cells had increased expression of 

HIF1α and HIF2α and higher invasion abilities (measured by a matrigel cell invasion 
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assay). This implies that zinc could be contributing to HIF1α expression and 

aggressive behaviour in CRPC cells, and contradicts the results seen in the previous 

study by Nardinochhi et al. HIF1α silencing did not enhance the antitumour effect of 

the chemotherapeutic agent docetaxel in PC3s but was effective in DU145 cells. 

When both HIF1α and HIF2α were silenced, the effects of two tyrosine kinase 

inhibiting (TKI) agents sunitinib and sorafenib were augmented in both cell lines. 

These TKIs block important signally pathways (such as vascular endothelial growth 

factor receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR)) 

which are closely related to HIF regulation (305, 306). Hence, this could be the reason 

why this group observed the enhanced effects with TKIs in combination with HIF 

knockdown, which was not seen when docetaxel was used.  The explanation behind 

enhanced TKI effect could also be related to decreased expression of p21, cMET, 

IGF-1 and GLUT-1 seen in the HIF siRNA cells. Interestingly though the expression 

of these proteins, as well as HIF1α, are also induced by ZnSO4, suggesting zinc could 

be protective to CRPC cells by initiating many pathways of cellular resistance.  This 

suggests zinc could play a role in resistance to docetaxel chemotherapy or other 

mechanisms of resistance via HIF1α pathways, but also other pathways related to TKI, 

which in fact have had little success in the treatment of PCa. Thus more research into 

possible zinc mediated resistant mechanisms in PCa needs to be conducted.   
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1.3.6.3 Zinc As An Antioxidant In The Prostate  

 
 
Sources of cellular injury and death are numerous, but four key mechanisms exist: 

oxidative stress (i.e. excessive ROS), mitochondrial damage and increased 

permeability, ATP depletion and loss of calcium (Ca2+) homeostasis (307). Oxidative 

stress is often associated with etiology and progression of disease such as cancer. The 

antioxidant properties of zinc and its ability protect against oxidative stress is well 

recognised. In addition, zinc deficiency has also been shown to contribute to ROS 

generation and oxidative damage to proteins (308).   

 

Two mechanisms of the oxidative protection provided by zinc have been suggested: 

inhibiting the production of ROS by other transition metals and the protection of 

sulfhydryl groups against oxidation (309).  Increasing age is associated with increased 

oxidative stress and inflammatory markers in the prostate, therefore could contribute 

to prostatic disease including cancer (200).  

 

Supplemental zinc treatment has been shown to reduce H2O2 levels up to 34% in 

prostate tumours in vivo (221) (Table 1.7). Zinc treatment in the form of ZnSO4 

200mg/Kg daily for 10 days has been shown to reverse the effects of induced 

oxidative stress in rat prostates (310). In particular, zinc decreased hydrogen peroxide 

(H2O2) and lipid peroxidase (LPO) generation.   These antioxidant properties suggest 

that zinc may play a key role in the prevention of prostatic disease but the antioxidant 

role of zinc in vitro in established PCa is relatively unknown.  Evidence of the 

function of zinc in preventing oxidative stress in the prostate is still required.   
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1.3.6.4 Zinc Chelation In PCa Treatment  

 

TPEN (N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine) is an intracellular zinc 

chelator and is the best, most readily absorbed Zn2+ chelating agent available and has 

been shown to affect the viability of PC3 cells in a Zn-dependent manner (311). 

Mechanism of cell death following TPEN is likely related to apoptosis. Makhov et al 

(312) stipulate that TPEN promotes activation of caspase-3 and caspase-9, but also 

depletes an apoptosis inhibitory protein X-linked inhibitor of apoptosis (XIAP) in 

PC3 cells. Another possible mechanism is related to oxidative stress, whereby TPEN 

induces mitochondrial membrane potential leading to dysregulation of reactive 

oxygen species (ROS) and has been utilised recently by Stuart et al (313) to induce 

apoptosis in PCa cell by liposomal delivery of TPEN to prostate specific membrane 

antigen (PMSA) expressing cells.  Another study, which supports the use of TPEN, 

was published by Gmeiner et al (311) who found that TPEN enhanced the pro-

apoptotic effects of F10, a novel polymeric fluoropyrimidine chemotherapy agent, in 

PC3 cells.  TPEN supplementation in PC3 cells certainly exerts significant effects on 

cell viability and survival, which is promising with regards to developing new and 

novel treatments to PCa. However, little is known regarding the cellular changes and 

mechanics of zinc chelation in PCa and in particular with regards to tumour growth.  
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1.3.6.4.1 Zinc In Other Cancer Resistant Pathways  
 

Phosphorylation of mitogen-activated protein kinase (pMAPK) is part of the MAPK 

pathway that promotes cell proliferation, survival and metastasis which is frequently 

over-activated in cancer and much research have been focused on the development of 

anti-cancer pharmacologic agents aimed to inhibit this pathway (314). Another 

significant survival pathway in cancer cells is the phosphatidylinositide-3-kinase 

(PI3K)/AKT-signaling pathway in which phosphorylated (pAKT) and activated AKT 

leads to inactivation of several proapoptotic proteins and, in particular, promotes 

radioresistance in human cancers (315). Epithelial-mesenchymal-transition (EMT) is 

a process whereby a depolarisation and loss of normal epithelial cell-to-cell adhesion 

occurs, leading to transition into a mesenchymal phenotype and is an important 

process whereby cancer cells gain malignant potential (316). E-cadherin (epithelial) 

and vimentin (mesenchymal) are both essential markers of EMT, with suppressed E-

cadherin levels found in PCa correlating with metastasis and lower survival, and on 

the contrary elevation of vimentin protein expression positively correlates with the 

invasion and metastatic potential of androgen-independent PCa cells (317-319). Zinc 

has previously been implicated in the activity of these pathways, in particular the 

phosphorylation of MAPKs (320). Intracellular free Zn2+ may have a role in MAPK 

pathways, since free Zn2+ has been shown to activate ERK1/2 phosphorylation, which 

was inhibited by TPEN in PCa cells but also in cardiac ischemic-reperfusion injury 

free Zn2+ release causes cardiac myocyte apoptosis via activation of MAPK pathways 

(321). No specific connection between zinc treatment and EMT in PCa has been 

established but zinc has been shown to promote EMT in lung cancer and peritoneal 

mesothelioma cells (322-324).  
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1.3.6.5 The Role Of Zinc In Non-Cancerous Prostate Disease  

 

PSA is a serine protease that possesses chymotrypsin-like enzymatic activity and is 

produced almost exclusively by prostatic epithelial cells. Zinc is an endogenous 

inhibitor of PSA enzymatic activity.  This has been demonstrated in BPH derived 

stromal cells in which proliferation can be stimulated by PSA (100ug/mL), but when 

treated with supplemental ZnCl2 (up to 10µM) the stimulatory activity of PSA on 

proliferation was abolished. However, ZnCl2 alone did not have any effect on BPH 

stromal cell proliferation. PSA enzymatic activity was inhibited up to 27% by 10µM 

ZnCl2. Interestingly calcium chloride (CaCl2)  (containing another common divalent 

cation calcium - Ca2+) had no suppressive effects on PSA enzymatic activity (325).   

 Since BPH tissue has significantly reduced zinc concentration compared to normal 

prostate epithelial tissue, these lower concentrations may increase local availability of 

enzymatically active PSA leading to cellular proliferation (325). 
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1.4 Literature Review: Summary 

 

1.4.1 Major Unresolved Issues From Current Literature  

 

Zinc is important in human biology and vital for the normal function of the prostate 

gland, because prostate epithelial cells are highly specialised to accumulate and stored 

high levels of this metal. Given the significance of zinc to the initiation and successful 

completion of many cellular processes, particularly in the prostate cells in 

combination with the overwhelming body of evidence published there is a very strong 

argument favouring that zinc certainly plays a role (if not multiple roles) in PCa 

pathogenesis. However, the homeostasis of zinc is extremely complex and the role of 

zinc in PCa is yet to be fully understood.  

 

Zinc appears to have a role in prostate cell proliferation and can induce apoptosis even 

in PCa cells. However, there is a lack of consistency in the literature regarding the 

effect of zinc on proliferation and cell cycle in different cell types (LNCaP and PC3). 

Another major issue across many studies is the persistence of using supra-

physiological concentrations of zinc, which is questionable because of how 

vigorously zinc is regulated by integrated homeostatic mechanisms. In theory, cells 

are therefore exceedingly unlikely to be exposed to such doses in the ISF. Therefore 

understanding the true physiological sequelae and role of zinc in PCa cell 

proliferation should be conducted at lower, safer and non-toxic doses. In addition, no 

studies have directly addressed whether the inhibition of proliferation by zinc in PCa 

cells translates into an appropriate in vivo model or with a zinc chelation (TPEN) 
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treatment arm. TPEN supplementation in PC3 cells certainly exerts significant effects 

on cell viability and survival, which is promising with regards to developing new and 

novel treatments to PCa. However, little is known regarding the cellular changes and 

mechanics of zinc chelation in PCa and in particular with regards to tumour growth. 

 

Another area of confusion is zinc level in PCa. Total zinc may be decreased in PCa 

but the biological relevance of this particular measurement has been brought into 

question by developments in the field of metallomics: more understanding regarding 

free Zn2+ and significant developments (such as Zn2+ specific fluorescent probes). The 

main argument is that the majority of biological Zn2+ ions are tightly bound to 

proteins and are considered inactive with regards to dynamic biological processes and 

only a small percentage of free Zn2+ is active and critical to physiological functions of 

the cell. Results regarding Zn2+ uptake in PCa cells is conflicting, and many studies 

were conducted in supra-physiological zinc conditions. No studies have specifically 

addressed Zn2+ in normal and PCa cells following a physiological appropriate dose, or 

more than two prostate cell lines or compared with non-prostatic cell lines. 

Localisation of Zn2+ to the mitochondria is an important process in normal prostate 

cells; therefore these new techniques should be used to determine if this process is the 

same or disrupted in PCa cells.  Since these Zn2+ specific probes have only been 

developed recently, their application in PCa has not been fully explored and relatively 

little is known about free Zn2+, Zn2+ uptake and its subcellular distribution in PCa 

cells.  
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No consensus exists regarding zinc and the risk of PCa.  Published evidence is 

contradictory; some state a suggestion of high zinc linked to advanced PCa but also 

zinc is associated with reduced risk of PCa.  

 

One major issue in PCa is the effective treatment of castrate resistant disease (CRPC) 

in particular as first line agents (docetaxel + prednisolone) and to higher degree 

second-line agents (e.g. TKIs) have limited efficacy. A few putative resistance 

mechanisms have been recognised but are not fully understood and is it highly likely 

that mechanisms are still yet to be discovered.  One area of concern is the 

development of resistance to oxidative stress in CRPC cells, which has been 

highlighted by increasing resistance of CRPC cells to oxidative damage inducing 

agents in vitro. The basis behind this increase in resistance had not been investigated. 

HIF1α is a well-known prognostic marker in PCa associated with poor prognosis, 

resistance to treatment and development of metastatic disease, however the cause 

over-expression in CRPC remains a mystery. Some evidence suggests HIF1α could be 

linked with zinc but currently evidence is conflicting and no convincing body of 

evidence exists supporting this association.  

 

 

1.4.1.1 Specific Aims of This Thesis  

 

Chapter 3: 

 

• To determine appropriate zinc treatment range by measuring cell viability for 

normal, androgen sensitive PCa and CRPC cells. 
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• To determine the short and long-term effects on cellular proliferation of a 

universally safe and physiologically relevant dose of zinc in normal and PCa 

cells 

• To determine if zinc supplementation or chelation (TPEN) has any effect on 

macroscopic tumour growth in vivo.   

  

Chapter 4: 

 

• To determine the levels of total and free Zn2+ in prostate cell lines  

• To compare Zn2+ uptake and subcellular distribution between normal prostate 

epithelial and CRPC cells 

 

Chapter 5: 

 

• To identify pathways of cellular resistance and survival in which Zn2+ is 

involved  

• To investigate if there is an association between Zn2+ and HIF1α expression in 

PCa 
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2.1 Materials  

2.1.1 Buffers and Reagents  

2.1.1.1 30% Acrylamide-Bisacrylamide  

 

Acrylamide (29gm) (ICN Biomedicals, Aurora, Ohio, USA) and 1gm N, N’ 

methylenebisacrylamide (Biorad, Hercules, CA, USA) were dissolved in 100ml MQ 

water and stored at 4°C protected from light.  

 

2.1.1.2 Upper Gel Buffer (0.5M Or 4X Tris / 0.4% SDS, Ph6.8)  

 

Tris-base (0.5M), 0.4% (w/v) SDS in MQ water, pH 6.8 adjusted using concentrated 

HCl. The buffer was filtered using Millex-HV 0.45µm PVDF non- sterile membrane 

(Millipore North Ryde, NSW, Australia) and stored at room temperature.  

 

2.1.1.3 Lower Gel Buffer (1.5M or 4X Tris / 0.4% SDS, pH 8.8)  

 

Tris-base (1.5M), 0.4% (w/v) SDS in MQ water, pH 8.8 adjusted using concentrated 

HCl. The buffer was filtered using Millex-HV 0.45µm PVDF non- sterile membrane 

(Millipore North Ryde, NSW, Australia) and stored at room temperature.  

 

2.1.1.4 Wet Western Transfer Buffer (10X) (250nM Tris, 1.92M glycine, pH 8.3) 
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Western Transfer Buffer (10X) 1L stock solution was made by dissolving 30.3g of 

Tris base and 144.0g of glycine in 1L of Milli-Q water and was stored at room 

temperature. Western blot analysis was performed using a 1X concentration transfer 

buffer solution, which was made up to 1L by diluting 100mLs of 10X solution in 

700mLs of Milli-Q water and 200mLs of methanol. Stored at -20˚C.  

 

2.1.1.5 10X SDS Running Buffer (250 mM Tris, 1.92 M glycine, 1% SDS, pH 

8.3) 

	

Tris base 60.4g and glycine 288g was dissolved in 1.8L of Milli-Q water. SDS 20g 

then added and a final volume of 2L made with Milli-Q water. Stored at room 

temperature.  

A solution of 1X running buffer was made by 1:10 dilution in Milli-Q water. Stored at 

room temperature.  

 

2.1.1.6 Tris-Buffered Saline (TBS) (10X) (200nM Tris, 8% w/v NaCl, pH 7.6) 

 

Tris-Buffered Saline (TBS) (10X) stock solution was made by dissolving 24.2g of 

Tris base and 80g of NaCl in 800mL of Milli-Q water. Solution pH was adjusted to 

7.6 with HCL. Milli-Q water was added to make a final volume of 1L, then 

autoclaved and stored at room temperature. TBS (10X) was diluted in water to make 

final concentration of 1X and 0.05% detergent solution Tween-20 added to make up 

TBST (1x).  
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2.1.1.7 2X Loading Buffer (125 mM Tris, 20% Glycerol, 4% SDS, pH 6.8)  

 

A total of 760mg of Tris Base was dissolved in 30mL of Milli-Q water. pH was 

adjusted to 6.8 with HCL. Glycerol 10mL, SDS 2g and bromophenol blue dye 0.5mg 

was then added and a volume of 50mL was achieved with Milli-Q water. Before use a 

final solution of 2.5% β-mercaptoethanol was made. Around ~100µL of SDS loading 

buffer per sample was used, cells were then scraped, collected at boiled at 100˚C for 5 

mins, then stored at -20˚C prior to Western blot.   

 

2.1.1.8 Citrate Buffer (1X) (10mM Sodium Citrate, pH 6.0) 

 

Dissolving 4.2g of citric acid in 20mLs of Milli-Q water made a stock solution A. 

Dissolving 2.94g of trisodium citrate in 1000mLs of Milli-Q water made another 

stock solution B. Citrate Buffer (1X) stock solution was then made by adding 18mL 

of stock A solution and 82mL of stock B and adding Milli-Q water up to a volume of 

1L. Final pH was adjusted to 6.0 and was stored at room temperature.  

 

2.1.1.9 1% Bovine Serum Albumin (BSA) 

 

Bovine serum albumin (BSA) was purchased from Sigma-Aldrich (Sigma-Aldrich Pty, 

Castle Hill, NSW, Australia). A solution of 1% for primary antibody incubation in 

Western blot analysis was made by dissolving 1% BSA in TBST. Stored at 4˚C.   
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2.1.2 Cell Culture Media, Buffers and Reagents  

2.1.2.1 Roswell Park Memorial Institute (RPMI) 1640 Medium 

 

Roswell Park Memorial Institute (RPMI) 1640 (Gibco™) was purchased from 

Invitrogen (Life Technologies Australia Pty Ltd, VIC, Australia). RPMI 1640 

Medium contains: glutathione, biotin, vitamin B12, and Para-aminobenzoic acid, 

inositol and choline. Stored at 4°C. For the purposes of cell culture RPMI medium 

was supplemented to make up a final concentration of 7% FBS, 0.4% Penicillin-

Streptomycin and 2% HEPES.   

 

2.1.2.2 Keratinocyte-Serum Free Medium (KSFM) (1X) 

 

Keratinocyte-SFM (1X) (KSFM) (Gibco™) containing L-glutamine was purchased 

from Invitrogen (Life Technologies Australia Pty Ltd, VIC, Australia). KSFM was 

then supplemented with human recombinant Epidermal Growth Factor 1-53 (EGF 1-

53) (Gibco™) to a concentration of 5ng/mL and Bovine Pituitary Extract (BPE) (Life 

Technologies Australia Pty Ltd, VIC, Australia) to a concentration of 50µg/mL. 

Stored at 4°C.  

 

2.1.2.3 Penicillin-Streptomycin (100X) 

 

Stock containing 10,000 units of penicillin (base) and 10,000µg of streptomycin 

(base)/ml utilizing penicillin G (sodium salt) and streptomycin sulfate in 0.85% saline 
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was purchased Invitrogen (Life Technologies Australia Pty Ltd, VIC, Australia). This 

solution was added to the media to make up a final concentration of 1X  

2.1.2.4 Fetal Bovine Serum (FBS)  

 

A sterile 500ml bottle of FBS Invitrogen (Life Technologies Australia Pty Ltd, VIC, 

Australia) was heat inactivated at 56°C for 30 minutes in a water bath and then stored 

at 4 °C.  

 

2.1.2.5 HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) (1M) 

 

HEPES (Gibco™) was purchased from Invitrogen (Life Technologies Australia Pty 

Ltd, VIC, Australia). Stored at 4°C.  

 

2.1.2.6 Hank's Balanced Salt Solution (HBSS) 

 

Hank's Balanced Salt Solution (Gibco™) was purchased from Invitrogen (Life 

Technologies Australia Pty Ltd, VIC, Australia). Stored at 4°C. 

 

2.1.2.7 Trypsin Versene 

 

A filter sterilized 2% (w/v) solution of EDTA-tetrasodium salt and 2.5% (w/v) 

porcine trypsin (Porcine parvovirus and mycoplasma tested, Invitrogen, San Diego, 

CA, USA) were diluted together with sterile PBS to give final concentrations of 
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0.02% and 0.1% respectively. The solution was stored at 4 °C.  

 

2.1.2.8 Phosphate Buffered Saline (PBS)  

 

Stock of 10X PBS (pH 7.4) free of calcium and magnesium ions was bought from 

Invitrogen (Invitrogen, San Diego, CA, USA). This stock was diluted to 1X working 

stock in MQ, which was sterilized by autoclaving.  

 

2.1.3 Biological Assay Buffers and Reagents  

2.1.3.1 FluoZin™-3, AM – Zn2+ Molecular Probe  

 

The FluoZin™-3, AM, fluorescent indicator is a Zn2+ selective indicator that exhibits 

high Zn2+ binding affinity, was purchased from Life Technologies (Life Technologies 

Australia Pty Ltd, VIC, Australia). Stored in freezer at -20°C and protected from light.  

Stock was diluted in HBSS solution (Gibco™) to a final desired concentration 

(~5µM), and then diluted in pluronic acid (20%) at a ratio of 1:1.  

 

2.1.3.2 Zinc Chloride - ZnCl2  

 

Zinc Chloride (ZnCl2) (molecular weight: 136.315 g/mol) was purchased from Sigma-

Aldrich (Sigma-Aldrich Pty, Castle Hill, NSW, Australia) and stored at room 

temperature. Solutions for Zn treatment were made by dissolving ZnCl2 in distilled 

water then adding 1µL/mL of 1M hydrochloric acid (HCL).  
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2.1.3.3 Ammonium Ferric Citrate - (NH4)5Fe(C6H4O7)2  

 

Ammonium Ferric Citrate (AFC) (molecular weight: 261.975 g/mol) was purchased 

from Sigma-Aldrich (Sigma-Aldrich Pty, Castle Hill, NSW, Australia) and stored at 

room temperature. Solutions for iron treatment were made by dissolving AFC in 

distilled water.  

 

2.1.3.4 N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine (TPEN)  

 

A bottle of 100mg of the metal chelator TPEN was purchased from Sigma-Aldrich 

(Sigma-Aldrich Pty, Castle Hill, NSW, Australia) and was stored at room temperature.  

TPEN used for experiments was dissolved in DMSO.  

 

2.1.3.5 Docetaxel  

 

A vial of 5mg was purchased from Sigma-Aldrich (Sigma-Aldrich Pty, Castle Hill, 

NSW, Australia). This was dissolved in DMSO and aliquoted into 10 x vials each of 

10 mM concentration and subsequently stored at -70°C.  

 

2.1.3.6 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

solution  
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Stock solution (5mg/ml) containing MTT powder (Sigma Aldrich, St. Louis, MO, 

USA) was prepared in 1X PBS. The solution was filter sterilized and stored at 4°C 

protected from light  

 

2.1.3.7 Formazan Solubilising Solution (Acidified Isopropanol)  

 

Hydrochloric acid (HCl) (0.04M) in absolute isopropanol was prepared using 1M 

stock of HCl and stored at room temperature.  

 

2.1.3.8 Amersham ECL Western Blotting Detection Reagent 

 

Amersham ECL Western Blotting Detection Reagent was purchased from GE 

Healthcare Life Sciences (GE Healthcare Australia Pty. Ltd, NSW, Australia). 

Around ~200µL of ECL reagent (ratio of 1:1 of detection reagents 1 and 2) per 

membrane was used for western blot analysis. 

 

2.1.3.9 Puromycin 10mg/mL  

  

The aminonucleoside antibiotic Puromycin (Gibco™) (10mg/mL) was purchased 

from was purchased from Invitrogen (Life Technologies Australia Pty Ltd, VIC, 

Australia; Catalog number: #A1113803). It was added to a flask of HIF1α-KD cells at 

a concentration of 2.0µg/mL and incubated in serum media for 7 days in order to 

selectively identify HIF1α sRNA transfected cells for future culture and experiments.   
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2.1.3.10 MitoTracker Red  

 

MitoTracker Red FM (Thermo-Fischer Scientific) is a far red-fluorescent dye 

(excitation/emission (nm): 581/644), which stains mitochondria in live cells and was 

kindly donated by Dr Damien Marshall.  Final concentration for immunofluorescence 

imaging was 50nM diluted in HBSS.  

 

2.1.3.11 Hoechst DNA Stain  

 

Hoechst 33342 (Thermo-Fischer Scientific) is a blue fluorescent stain specific for 

DNA (excitation/emission (nm): 361/497), which was kindly donated by Dr Damien 

Marshall.  Final concentration for immunofluorescence imaging was 1:100 dilution of 

10µg/mL stock diluted in HBSS. 

 

2.1.4 Mammalian Cell Lines  

2.1.4.1 Normal Prostate Epithelial Cells  

 

Two normal prostate epithelial cell lines PNT1A (passage = 57) and RWPE-1 

(passage = 11) were kindly donated by Dr Birunthi Niranjan (Senior Research 

Assistant) from the Prostate and Breast Cancer Research Group, Department of 

Anatomy and Developmental Biology, Faculty of Medicine, Monash University, 

(Victoria, Australia). The RWPE-1 cell line was purchased from ATCC in 2004 and 

PNT1A was purchased from ECACC in 2003.   
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2.1.4.2 Human Prostate Cancer Cells  

 

The three human PC cell lines (PC3, DU145 and LNCaP) used in the experiments 

were generously donated by A/Prof. Ian Davis, Ludwig Institute for Cancer Research, 

Melbourne and had been purchased from ATCC in 2009. PNT1A, LNCaP, DU145 

and PC3 cell lines were cultured in RPMI 1640 medium and were supplemented with 

8% FBS and 100 U/mL penicillin/streptocmycin. RWPE-1 cells were cultured in 

Keratinocyte Serum Free Media (KSFM).  

 

2.1.4.3 HIF1α Knockdown PC3 Cells (HIF1α-KD) 

 

Stable HIF1α knock down in PC3 cells (HIF1α – KD) was accomplished successfully 

by my colleague Dr Weranja Ranasinghe (262). This was achieved by transfection of 

HIF1α shRNA in PC3 cells were using the NeonH transfection method (Invitrogen). 

The transfected cells were seeded in complete medium and selected with 1.0 mg/ ml 

puromycin (Sigma-Aldrich) for 7 days before further assays. Knockdown of the 

HIF1α protein was demonstrated by Western blotting, and by measurement of its 

downstream product, vascular endothelial growth factor (VEGF), by enzyme-linked 

immunosorbent assay (ELISA). All cells were maintained at 37°C in a humidified 

incubator with 95% air and 5% CO2. These cells were stored long-term in liquid 

nitrogen.    

 

2.1.4.4 Trypsinisation Of Cell Lines  
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Cells were maintained in complete medium (media plus 8% FBS) in a humidifying 

incubator with 5% CO2. Cultures were passaged once 70% confluency was reached. 

Culture medium from the flask was removed and discarded. Cells were washed with 

1X PBS and. 2.0ml of -EDTA (Trypsin versene) solution was added to the flask and 

incubated at 37°C until the cell layer was about to be dispersed (usually within 2 to 5 

minutes). Once cells started detaching trypsin-EDTA solution was removed and cell 

were dispersed by gentle flick to the flask. 6.0 to 8.0 ml of complete growth medium 

was added to the flask and the cells collected into a centrifuge tube and pelleted at 

1000 × g at 4°C for 3 minutes. The supernatant was discarded and the cell pellet was 

suspended into fresh medium and dispensed into the culture flask.  

 

2.1.4.5 Storage of Mammalian Cells  

 

Cells were grown to 80% confluency before preparing the cells for long-term storage. 

The culture was trypsinised as above and cells were re-suspended in 5 - 10ml of 

medium. Cell concentration was determined with a micro-haemocytometer and cells 

were pelleted by centrifugation at 1000 × g, 4°C for 3 minutes. The supernatant was 

aspirated and the cells re-suspended in freezing medium. The cell suspension was 

aliquoted into cryogenic vials labeled with the cell line name, passage number and 

date, before being frozen slowly in a -1°C/minutes ethanol bath (Nalgene Nunc 

International, Rochester, NY, USA) at -70°C for 24 hours. Cells were then stored long 

term in liquid nitrogen.  
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2.1.4.6 Thawing Of Mammalian Cells  

 

Vials were rapidly thawed at 37°C and the thawed liquid (freezing medium containing 

cells) was mixed with fresh culture medium. Cells were pelleted as before and re-

suspended in culture medium. Cells were pelleted by centrifugation (1000 × g, 4°C, 3 

minutes) and the supernatant aspirated. The pellet was re-suspended in 5 ml of 

complete medium, transferred to a 50 ml flask and cultured in a humidifying 

incubator. Cultures were checked for mycoplasma contamination using the 

Mycoplasma PCR ELISA kit (Roche Diagnostics, Nunawading, Victoria, Australia).  

 

2.1.5 Antibodies 

2.1.5.1 HIF1α Rabbit Polyclonal Antibody  

 

For the purposes of immunohistochemistry analysis HIF1α rabbit polyclonal antibody 

was purchased from Santa-Cruz (Santa Cruz Biotechnology, Santa Cruz, CA; 

Catalogue number: SC #10790) and stored at 4°C.  

 

2.1.5.2 HIF1α Purified Monoclonal Mouse Anti-Human Antibody  

 

For the purposes of Western blot analysis HIF1α purified mouse anti-human antibody 

was purchased BD Bioscience (BD Biosciences, USA; Catalogue number: BD 

#610958) and stored at -20°C.  
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2.1.5.3 HIF2α Rabbit Anti-Human Antibody 

 

For the purposes of Western blot analysis HIF2α rabbit anti-human antibody was 

purchased Cell Signalling (Cell Signaling Technology, USA; Catalogue number: 

#D9E3) and stored at -20°C.  

 

2.1.5.4 Caspase-3 (Active) Affinity Purified Rabbit IgG 

 

Caspase-3 (active) affinity purified rabbit IgG was purchased from R&D Systems 

(R&D systems, Minneapolis, MN, USA Catalogue number: #AF835) and stored at -

20°C.  

 

2.1.5.5 GAPDH Rabbit Monoclonal Antibody 

 

GAPDH rabbit monoclonal antibody was purchased from Cell Signaling (Cell 

Signaling Technology, USA; Catalogue number: #14C10) and stored at -20°C.  

 

2.1.5.6 p44/42 MAPK (pMAPK) (Erk1/2) Rabbit Antibody  

 

For the purposes of Western blot analysis phosopho-Mitogen-activated protein kinase 

(pMAPK) rabbit monoclonal antibody was purchased from Cell Signaling (Cell 

Signaling Technology, USA; Catalogue number: #9102) and stored at -20°C.  
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2.1.5.7 Phospho-AKT (pAKT) Rabbit Antibody   

 

For the purposes of Western blot analysis pAKT rabbit monoclonal antibody was 

purchased from Cell Signaling (Cell Signaling Technology, USA; Catalogue number: 

#9271) and stored at -20°C.  

 

2.1.5.8 Ki67 Rabbit Monoclonal Antibody  

 

Ki67 (Clone SP6) rabbit monoclonal antibody was purchased from Thermo-Scientific 

(Thermo Fisher Scientific. Fremont, CA, USA; Catalogue number: #MA5-14520) and 

stored at 4°C.  

 

2.1.5.9 Vimentin Rabbit Polyclonal Antibody 

 

The mesenchymal marker vimentin rabbit polyclonal antibody was purchased from 

Santa-Cruz (Santa Cruz Biotechnology, Santa Cruz, CA; Catalogue number: #SC-

5565) and stored at 4°C. 

 

2.1.5.10 E-Cadherin Rabbit Polyclonal Antibody  

 

The epithelial marker E-cadherin rabbit polyclonal IgG Antibody was purchased from 

Santa-Cruz (Santa Cruz Biotechnology, Santa Cruz, CA; Catalogue number: #SC-

78720) and stored at 4°C.  
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2.1.5.11 Rabbit IgG 

 

Normal rabbit IgG antibody was purchased from Santa-Cruz (Santa Cruz 

Biotechnology, Santa Cruz, CA) and stored at 4°C. 
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2.1.6 SCID Mice  

 

All animal studies were approved by the Animal Ethics Committee (Austin Hospital, 

Victoria, Australia) Certified severe combined immunodeficiency (SCID) mice, males 

aged > 4 weeks were purchased from the Animal Resource Centre (Perth, Australia). 

Mice were contained in an approved animal research facility (BioResources Facility, 

Austin Hospital, Heidelberg, Victoria, Australia) and allowed to acclimatise for 1 

week prior to any procedures.  

 

2.1.6.1 Animal Housing  

 

Mice were held in plastic boxes with bedding (corn cob and shredded paper). 

Cardboard “housing” is also placed in the box. These cardboard boxes (or old tissue 

rolls) also provide environmental enrichment and chewing objects for the mice. No 

more than five mice were held in a single box. Boxes were emptied and cleaned 

regularly by Bioresources centre staff and new bedding and housing provided. Water 

and food (mouse chow) was provided and was separated from bedding (to ensure food 

and water are not contaminated).   

 

2.1.7 Software  

2.1.7.1 Microsoft Excel  
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Results were stored on an electronic spreadsheet in Microsoft Excel for Mac 2011 

(Version 14.6.3).  

2.1.7.2 GraphPad Version 7  

 

Version 7.0 of GraphPad Prism for Mac OS X was purchased from 

www.graphpad.com. Graphs were created and statistical analysis was performed in 

GraphPad Prism.   

 

2.1.7.3 Western Blot Analysis – MultiGauge (FujiFilm) 

 

Densiometric analysis of protein bands from Western blots was performed with 

MultiGauge (FujiFilm) software (Version 1.0). The protein band analysis tools were 

used to select and determine the background-subtracted density of the protein bands 

(e.g. HIF1α) under investigation. A density ratio was then calculated using the loading 

protein control (GAPDH) as a denominator.   

 

2.1.7.4 FLUOstar Optima Microplate Reader  

 

MTT absorbance assay and free Zn2+ FluoZin-3 luminescence detection was 

performed with FLUOstar Optima Microplate Reader (BMG Labtech).   

 



THE ROLE OF ZINC IN PROSTATE CANCER 
 
 

 118 

2.1.7.5 TMARKER Cell Counting Software  

 

TMARKER software (Version 2.142), a simple Java application for computer aided 

tissue microarray (TMA) inspection and cell counting (326), was downloaded from  

http://www.nexus.ethz.ch  

2.1.7.6 Nikon NIS Elements  

 

All immunofluorescence imaging and analysis was performed using a Nikon DS-Qi 

1Mc Camera / C2+ Confocal Microscope and NIS Nikon Elements Software (Ver. 

4.5). 

 

2.1.7.7 ImageJ  

 

Composite confocal and immunofluorescence microscopy images saved as TIFF 

format were separated into three channels (DAPI, FITC and TRITC) using ImageJ 

software (Version 1.50i).   
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2.2 Methods 

2.2.1 Western Blot Analysis  

 

Cells were washed once with ice-cold phosphate-buffered saline (PBS) and lysed with 

0.1-0.2 ml pre-boiled sodium dodecyl sulphate (SDS) lysis buffer. Proteins were 

separated by SDS-polyacrylamide gel electrophoresis using running buffer with an 

electricity of 90v for 20 minutes then 120v and 400mA for 60 – 150 minutes.  The 

proteins were then transferred onto a Hybond-C Extra nitrocellulose membrane (GE 

Healthcare, Rydalmere, Australia) using cold transfer buffer with an electricity of 100 

v and 400 mA for 1 hour. The membranes were then divided accordingly. Blocking 

was performed with 5% skimmed milk on a shaker for 30 - 60 minutes at room 

temperature. Membranes were then washed in TBST 3 x 10 minutes. Primary 

antibody (at recommended dilution) was added in 1% BSA and left on a shaker at 4˚C 

overnight. On day 2 the relevant secondary antibody (anti-mouse or anti-rabbit) was 

added in 5% skimmed milk for 60 minutes at room temperature. Membranes were 

then washed in TBST 3 x 10 minutes. As a loading control, blots were incubated with 

a horseradish peroxidase- conjugated rabbit anti-GAPDH antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA). Bands were visualized in a LAS 3000 Image Reader 

(Fujifilm, Brookvale, Australia), with an ECL Advance Western Blotting Detection 

Kit (GE Healthcare). Densitometric analysis of the protein bands was performed with 

MultiGauge software (Fujifilm).  
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2.2.2 Free Zn2+ (Fluozin-3) Fluorescence Assay  

  

Cells were cultured and trypsinised as described above. Following centrifuge the 

pellet of cells was resuspended in 5 – 8mLs of serum media and counted using a 

haemocytometer. Cells were then diluted to reach a desired concentration of 1.0 - 2.5 

x 105 cells / mL. A volume of 100µL per well of cell suspension (10,000 or 25,000 

cells) was inserted into a black 96-well plate. Cells were incubated at 37˚C overnight. 

On day 1 serum media was discarded and replaced with serum free media. Treatments 

(if required) were added at this stage.  FluoZin-3 dye 5mM stock was diluted to 5µM 

in HBSS and pluronic acid was added at a ratio of 1:1 volume of FluoZin-3 stock dye. 

Cells were washed with HBSS x 3 in the dark. A volume of 90µL of 5µM dye was 

added, the plate was then covered in foil and incubated at 37˚C in the dark for 45 

minutes. Following incubation cells were washed again with HBSS x 3 times, then 

fluorescence reading was performed using FLUOstar Optima Microplate Reader 

(BMG Labtech).  

 

2.2.3 MTT Cell Proliferation Assay  

2.2.3.1 Hydrogen Peroxide (H2O2) Injury  

 

Cells were cultured and trypsinised as described above. Following centrifuge the 

pellet of cells was resuspended in 5 – 8mLs of serum media and counted using a 

haemocytometer. Cells were then diluted to reach a desired concentration of 1.25 or 

1.75 x 105 cells / mL. 
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A volume of 1000µL per well of cell suspension in serum media  (125,000 or 175,000 

cells) was inserted into a clear 12-well plate. Cells were incubated at 37˚C overnight. 

On day 1 serum media was discarded and replaced with 1000µL serum free media. 

Zinc (ZnCl2) or TPEN or iron (AFC) pre-conditioning treatments were added to each 

well at desired concentrations and then incubated at 37˚C for 4 hours. Serum free 

media was then discarded and replaced with 1000µL of fresh serum free media 

with/without hydrogen peroxide (H2O2) and incubated for 24 hours at 37˚C. On day 2, 

10µL of 5mg/mL of MTT solution was added per well and incubated for 1 to 2 hours 

until colour developed. All media was then discarded and 100 to 200µL of 

isopropanol was added per well. Plates were put onto a shaker for 5 to 10 minutes. A 

volume of 100µL of each sample was transferred to a clear 96-well plate and 

absorbance measured using FLUOstar Optima Microplate Reader (BMG Labtech).  

 

2.2.3.2 Long-Term Cell Survival MTT Assay  

 

Cells were cultured and trypsinised as described above. Following centrifuge the 

pellet of cells was resuspended in 5 – 8mLs of serum media and counted using a 

haemocytometer. Cells were then diluted to reach a desired concentration of 5 x 104 

cells / mL. A volume of 500µL per well of cell suspension in serum media  (25,000 

cells) was inserted into a clear 24-well plate. Cells were incubated at 37˚C overnight. 

On day 1 serum media was discarded and replaced with 500µL serum free media. 

Treatments (ZnCl2 ± AFC) were then added to the SFM. Cells continued to be 

incubated at 37˚C for 24, 48 and 72 hours. MTT solution was added and final analysis 

performed as per method described above for H2O2 injury.  
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2.2.4 Total Zinc Analysis  

 

Cells were cultured and trypsinised as described above. Following the first centrifuge 

the pellet of cells was resuspended in 5mLs of serum media and total cell count was 

counted using a haemocytometer. For a second time, cells were pelleted by 

centrifugation (1000 × g, 4°C, 3 minutes) and the supernatant aspirated. Following the 

second centrifuge the pellet of cells was collected in a 1.5mL eppendorf tube and 

frozen at -70˚C until >500mg wet weight of cells was collected. Each cell line was 

dried for 24 hours at 60˚C in Xtron HI 2002 Incubator. All samples were then 

transferred to the National Measurement Institute (NMI, Australian Government, Port 

Melbourne, Victoria). Total zinc content (mg/Kg) per cell line was measured using 

mass spectroscopy.    

 

2.2.5 ICP-MS  

2.2.5.1 Sample Preparation 

 

Cells were cultured and trypsinised as described above. Cells were then plated at a 

concentration of 1.0 x 105 in 5mLs of serum media into 60mm cell culture dishes and 

incubated overnight. The following day serum media was aspirated and treatments 

(5mLs of SFM or Zinc 10µM in SFM) were added. Media was then aspirate and cells 

were briefly lysed with distilled water (2-3mLs) for 20 seconds. Water was aspirated 

and a final 500µL of water added and all cells were scraped and collected in a 1.5mL 

eppendorf tube and stored at -80˚C.   
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2.2.5.2 ICP-MS Metal Analysis  

 

Samples were transported to the Florey Institute of Neuroscience (Melbourne, 

Australia) on ice for ICP-MS metal analysis by Irene Volitakis.  

 

The cell lysate was freeze-dried first before being processed further. Nitric Acid 65% 

(Suprapur, Merck) 50µL was added to each cell pellet and allowed to digest overnight 

at room temperature. The samples were heated at 90˚C for 20 minutes using a heating 

block to complete the digestion.  The reduced volume after digestion was ~40 µL. To 

each sample added 460µL of 1% (v/v) of Nitric Acid diluent.  Final Volume was 0.5 

mL. 

 

Measurements were made using an Agilent 7700 series ICP-MS instrument under 

routine multi-element operating conditions using a Helium Reaction Gas Cell.  The 

instrument was calibrated using 0, 5, 10, 50, 100 and 500 ppb of certified multi-

element ICP-MS standard calibration solutions (ICP-MS-CAL2-1, ICP-MS-CAL-3 

and ICP-MS-CAL-4, Accustandard) for a range of elements. Used a certified internal 

standard solution containing 200 ppb of Yttrium (Y89) as an internal control (ICP-

MS-IS-MIX1-1, Accustandard). 

 

2.2.6 Immunofluorescence Confocal Microscopy  

2.2.6.1 Sample Preparation  
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A total of 2.0 x 105 cells per well of PNT1A and PC3 cells were suspended in serum 

media and inserted into a clear 6-well plate containing sterilised coverslips at bottom 

of each well. Each plate was incubated overnight in order for cells to attach to 

coverslips. On day 1 serum media was discarded and cells were washed with 1X PBS. 

Zinc treatment (ZnCl2 10µM) in SFM was added at 30, 60, 120 and 240-minute 

intervals and also TPEN 25µM for 1 hour for both cell lines. Treatment containing 

SFM was discarded and cells were washed again with 1X PBS. A solution of 1mL 

HBSS containing fluorescent probes FluoZin-3 2.5µM, mitochondria agent 

MitoTracker Red FM (Thermo-Fischer Scientific) 50nM and nuclear staining agent 

Hoechst 33342 (Thermo-Fischer Scientific) (1:500 of 100µg/mL stock) was added to 

each well and incubated for 45 minutes at 37˚C in the dark. Cells were washed twice 

quickly with HBSS, then a final HBSS wash was added and plates were places on a 

shaker for 20 minutes at room temperature in the dark. HBSS washing solution was 

discarded and cells were fixed using paraformaldehyde 4% for 3 minutes. Fixing 

solution was discarded and cells returned to HBSS. Coverslips were carefully 

transferred and mounted onto superfrost mounting slides using DAKO 

immunofluorescence mounting media. Slides were stored in the dark at room 

temperature.  

 

2.2.6.2 Confocal and Microscopy Imaging  

 

All immunofluorescence imaging and analysis was performed using a Nikon DS-Qi 

1Mc Camera / C2+ Confocal Microscope and NIS Nikon Elements Software (Ver. 

4.5). Nikon DS-Qi 1Mc Camera still images for blue DAPI (Hoechst), green FITC 
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(FluoZin-3) and TRITC red (MitoTraker) channels were captured using 60x oil 

immersion magnification. Exposure times for all channels were kept constant for 

acquiring images from both cell lines (PNT1A and PC3) for all treatment groups 

which were 250ms, 120ms and 35ms for DAPI, FITC and TRITC channels 

respectively. Three separate colour images for each channel, plus a composite image 

were saved in TIFF format.  

 

Confocal image capture was performed using pre-set confocal laser wavelengths 

405nm (DAPI), 488nm (FITC) and 561nm (TRITC) and pinhole size 30µm. Multiple 

layered images per cell were acquired using the ‘Z-stack’ feature on NIS elements 

software  

 

2.2.6.3 FluoZin-3 Light Intensity and Pearson Coefficient Correlation Image 

Analysis  

 

Mean light intensity for green FITC channel (FluoZin-3) was calculated using region 

of interest (ROI) function, for at least three random cells per slide and minimum 10 

slides for each treatment group. Mean light intensity minus background was 

calculated for each treatment group then divided by the area (µm2): 

 

FluoZin-3 Light intensity = ROI FITC Mean Intensity / ROI area (µm2) 

 

Colocalisation of Zn2+ to mitochondria was estimated using the Pearson coefficient 

for correlation between green FITC (FluoZin-3) and red TRITC (MitoTracker) colour 

(327). Pearson coefficient value was calculated using Nikon NIS elements software 
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for at least 10 FITC images for each treatment group for each cell lines and mean 

values ± SEM were plotted.  

 

2.2.7 Immunocytochemistry (ICyC) 

 

Cells were trypsinised as described above and pipetted onto sterilised superfrost slides 

and cells were allowed to attach overnight in SM. On day 1 SM was discarded and 

cells were washed with 1X PBS. Zinc treatment (ZnCl2 10µM), iron treatment (AFC 

10µM) or zinc and iron combination treatment (ZnCl2 10µM + AFC 10µM) was 

added in SFM for 4 hours. Treatment containing SFM was discarded and cells were 

washed again with 1X PBS. Cells were fixed using paraformaldehyde 4% for 3 

minutes then washed with PBS three times. Antigen retrieval was performed by 

submerging samples in citrate buffer 1X (pH 6.0) and heating them in a microwave 

for 3 minutes on medium-high and 13 minutes on medium-low heat.  Slides were 

allowed to cool then washed with TBST. Permeabilization was performed using 

0.25% Triton X-100 in PBS at room temperature for 10 minutes. Non-specific 

blocking was performed with 10% goats serum (diluted in TBST) which was added 

and slides incubated for 30 minutes at room temperature. Slides again washed in 

TBST for 5 minutes x 2.  Primary antibody (HIF1α at 1:100) diluted in TBST was 

added at 4˚C overnight. After antibody incubation, slides further washed in TBST 5 

minutes x 2 and were treated with a polymer HRP anti-rabbit secondary antibody in 

the dark at room temperature for 1 hour. Slides were washed with TBST 5 minutes x 

2. Then 3,3' Diaminobenzidine (DAB) chromogen (1 drop/ml of substrate buffer, 

Dako) was added to complete development. Finally, slides were counterstained with 
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hematoxylin for 1 minute, washed in running water and Scott’s tap water also for 1 

minute. Slides were washed in water, dehydrated (70% ethanol for 2 minutes then 

100% ethanol for 3 minutes x 2) and cover slipped after fixing in histolene for 10 

minutes. The slides were then allowed to dry overnight.  

 

2.2.8 Prostate Cancer Xenografts In SCID Mice 

2.2.8.1 Establishing Xenografts  

 

Cells were cultured and trypsinised as described above.  A minimal total number of 

cells (2.5 x 106 per tumour) were counted per cell line (PC3 or LNCaP).  The pellet of 

cells was resuspended in SFM at a concentration of 2.5 x 106/100µL and placed on ice 

prior to injection. Cell suspension (100µL) was injected subcutaneously into the right 

and/or left flanks of SCID mice (age > 4 weeks) with a 1mL syringe and 26G needle. 

Animals were monitored as per protocol for 7 – 10 days to allow xenograft tumours to 

be established. When the PC3 and LNCaP xenograft was established by feeling the 

presence of tumour lumps mice were randomised into control and treatment groups.  

 

2.2.8.2 Administering Zinc Chloride and TPEN Treatments  

 

Zinc chloride (ZnCl2) (Sigma-Aldrich) was dissolved in injection water and 0.1% 

HCL acid, to final a concentration of 1µg/µL. TPEN (Sigma-Aldrich) was dissolved 

in DMSO and diluted with sodium chloride (NaCl) to a final concentration of 1µg/µL. 

Final DMSO concentration was < 4.0 %. Following dilution both solutions were 

sterile filtered.  Before injection each mouse was weighed and a weight (g) to the 
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nearest 5g was established for each mouse. Intraperitoneal (IP) injection of zinc 

chloride or TPEN (3mg/Kg, 10mg/Kg or 30mg/Kg) or vehicle (200µL of NaCl) was 

injected using a 29-gauge needle twice weekly until tumour volume exceeded 

1000mm3 or animals were excluded from the study.  

 

2.2.8.3 Xenograft Tumour Measurement  

 

Xenograft tumour dimensions were measured daily with micro-callipers for the 

duration of the study or until animals were sacrificed earlier (if tumours reach a 

volume exceeded > 1000mm3). Tumour volume (mm3) was calculated using the 

following formula: 

 

 

 

Figure 2.1 - Xenograft Tumour Volume Formula 

 Xenograft tumour volume (mm3) was calculated using calliper measurements 

of tumour dimensions; width (w) and length (L) and the formula: (L x w2)/2 
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2.2.8.4 Animal Welfare Monitoring  

 

All animals were cared for in accordance with NHMRC guidelines for animal care 

and experimentation. Mice receiving IP injections of treatments (ZnCl2 or TPEN) 

were checked 2 to 3 hours post injection and again later the same day. A health 

assessment tool (Appendix D) was used to objectively assess animal welfare on a 

daily basis.  Assessment included the following parameters: weight, activity, mouse 

appearance and tumour condition. If a mouse scored higher than 5 on an assessment 

score or if there was particular sign that was concerning that animal was closely 

monitored. Potential reversible causes were addressed and treated accordingly. If any 

treatment is suspected to be causing suffering, ill health (assessment score > 9) or 

significant adverse affect then treatment was ceased immediately and the animal 

concerned was euthanised and excluded from the study.  

 

2.2.9 Tumour Collection  

 

At the end of the study period SCID mice were humanely euthanised by isoflurane 

anaesthetic overdose. Each xenograft tumour was carefully dissected from the mouse 

flank and then tissue was weighed.  Each tumour was divided into equal halves. One 

half was preserved in formalin and the other snap frozen in liquid nitrogen then stored 

at -70˚C. Tumour specimens stored in formalin were then transferred to 70% ethanol 

after 24 hours.  
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2.2.10  Immunohistochemistry (IHC) 

2.2.10.1 Tumour Tissue Processing  

 

Xenograft tumour specimens stored in 70% ethanol were fixed and embedded in 

paraffin by The Department of Histology, University of Melbourne. Paraffin 

embedded samples were then stored at room temperature until sectioning was 

required.  

 

Tumour tissue sectioning was performed at 4µm thickness on a microtome machine. 

Samples were then rehydrated in 70% ethanol and a 37˚C water bath. Samples were 

then mounted onto superfrost plus slides and left in an incubator overnight to dry.    

 

2.2.10.2 Optimisation of Immunohistochemistry  

 

In order to optimise immunohistochemical staining for the antibodies HIF1α (rabbit 

polyclonal antibody; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Ki67 (Rabbit 

Monoclonal Antibody; Thermo Scientific, Fremont, CA, USA) and Caspase-3 

(Polyclonal Rabbit IgG; R&D systems, Minneapolis, MN, USA) various 

concentrations were used.  

 

2.2.10.3 Optimised Immunohistochemistry Protocol  

 

Paraffin-embedded tumour sections were warmed up at 65˚C for 30 minutes, de-

waxed in in histolene for 10 minutes x 2, dehydrated with 100% ethanol for 5 minutes 
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x 2 and 70% ethanol for 5 minutes. Slides were then washed in running water for 1 

minute. Antigen retrieval was performed by submerging samples in citrate buffer 1X 

(pH 6.0) and heating them in a microwave for 3 minutes on medium-high and 13 

minutes on medium-low heat.  Slides were allowed to cool, washed with TBST and 

the endogenous peroxidases in the specimens were blocked by 3% hydrogen peroxide 

treatment for 10 minutes in the dark. Slides were washed in TBST buffer for 5 

minutes x 2. Non-specific blocking was performed with 10% goats serum (diluted in 

TBST) which was added and slides incubated for 30 minutes at room temperature. 

Slides again washed in TBST for 5 minutes x 2.  Primary antibody (HIF1α or caspase-

3 or Ki67) at optimal concentration (see below) diluted in TBST was added at 4˚C 

overnight. After antibody incubation, slides further washed in TBST 5 minutes x 2 

and were treated with a polymer HRP anti-rabbit secondary antibody in the dark at 

room temperature for 1 hour. Slides were washed with TBST 5 minutes x 2. Then 3,3' 

Diaminobenzidine (DAB) chromogen (1 drop/ml of substrate buffer, Dako) was 

added to complete development. Finally, slides were counterstained with hematoxylin 

for 1 minute, washed in running water and Scott’s tap water also for 1 minute. Slides 

were washed in water, dehydrated (70% ethanol for 2 minutes then 100% ethanol for 

3 minutes x 2) and cover slipped after fixing in histolene for 10 minutes. The slides 

were then allowed to dry overnight.  

2.2.10.4 HIF1α Rabbit Polyclonal Antibody  

 

In order to ascertain an optimal concentration for HIF1α rabbit polyclonal antibody 

staining a non-prostate HIF1α positive control, control, zinc (10 mg/Kg) and TPEN 

(10 mg/Kg) sample was stained using three concentrations: 1:50 (Figure 2.2), 1:100 

(Figure 2.3) and 1:500 (Figure 2.4).  
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Figure 2.2 - Optimisation Of HIF1α Antibody - 1:50 

HIF1α rabbit polyclonal antibody optimal concentration was determined using 

the citrate buffer antigen retrieval in the microwave in PC3 xenografts. (x20 

magnification) A) HIF1α positive control (non-prostate) B) PC3 Xenograft 

Control C) PC3 Xenograft Zinc and D) PC3 Xenograft TPEN.   
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Figure 2.3 - Optimisation Of HIF1α Antibody - 1:100 

A) HIF1α positive control (non-prostate) B) PC3 Xenograft 

Control C) PC3 Xenograft Zinc and D) PC3 Xenograft TPEN (x 

20 magnification)  
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Figure 2.4 - Optimisation Of HIF1α Antibody - 1:500 

A) HIF1α positive control (non-prostate) B) PC3 Xenograft 

Control C) PC3 Xenograft Zinc and D) PC3 Xenograft TPEN (x 

20 magnification)  

 

2.2.10.5 Caspase-3 Polyclonal Antibody  

 

In order to ascertain an optimal concentration for caspase-3 polyclonal antibody 

staining a non-prostate caspase-3 positive control, control, zinc (10 mg/Kg) and 

TPEN (10 mg/Kg) sample was stained using two concentrations: 1:200 (Figure 2.5) 

and 1:1000 ().  
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Figure 2.5 - Optimisation Of Caspase-3 Polyclonal Antibody - 1:200 

Caspase-3 polyclonal antibody optimal concentration was determined 

using the citrate buffer antigen retrieval in the microwave in PC3 

xenografts (x20 magnification). A) Caspase-3 positive control (non-

prostate) B) PC3 Xenograft Control C) PC3 Xenograft Zinc and D) 

PC3 Xenograft TPEN 
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Figure 2.6 - Optimisation Of Caspase-3 Polyclonal Antibody - 1:1000 

A) Caspase-3 positive control (non-prostate) B) PC3 Xenograft 

Control C) PC3 Xenograft Zinc and D) PC3 Xenograft TPEN (x 

20 magnification)  

 

2.2.10.6 TMARKER Cell Counting   

 

 

A standardised approach using TMARKER software was used for IHC analysis for 

each tumour sample. Firstly each tumour (each of which closely resembled an ellipse) 

was divided into 9 even sections (Figure 2.7). One photo per section was taken at x10 

magnification with an electronic microscope (Nikon CoolScope).   
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Figure 2.7 - Tumour Division For Cell Counting 

Each elliptical tumour was divided into 9 even sections and positive cell 

counts were obtained from each section. The sum of all positive cells was 

divided by 9 for a mean positive cell count for the whole tumour 

 

All 9 photos for each tumour were loaded into TMARKER software (Figure 2.8) and 

the colour deconvolution plugin feature (Figure 2.9) was used to detect a percentage 

(%) of cells with strong (3+) positive staining for that particular antibody.  
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Figure 2.8 – Visualising IHC Specimen In TMARKER 

A screenshot demonstrating the sample analysis interface in TMARKER 

software. This figure demonstrates a caspase-3 IHC stained xenograft tumour. 

Brown cells are positive for caspase 3.  

 

Settings for the H DAB calculation feature in TMARKER was determined by looking 

at 5 random control slides at 200% zoom. Strongly stained cells (3+) were manually 

marked in the TMARKER software then ‘t_Dab’ value was adjusted to correspond 

with all manually selected positive cells, until both automatic function and manual 

selection correlated satisfactorily.  The final settings for TMARKER automatic 

analysis for all slides was calculated as a mean of the 5 most accurate automatic 

detection t_Dab values. Then these same values were used for each slide.  

 

Automatic cell counting for heavy staining (3+) cells was then performed following a 

white balance and using colour deconvolution settings as described above. A total 
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percentage of 3+ stained cells per tumour was calculated from the 9 photos from each 

tumour (Figure 2.10).  

 

 

 

Figure 2.9 – Colour Deconvolution Automatic Cell Detection Plugin In 

TMARKER 
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Figure 2.10 – TMARKER Automatic Strong (3+) Staining Detection 

The final stage of an IHC sample which has been analysed using colour 

deconvolution feature in TMARKER software. Negative nuclei are 

represented by grey dots and the percentage of positive nuclei (brown dots) is 

estimated as 59% (in this example).  
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2.2.11 Statistical Analysis  

2.2.11.1 In Vitro And In Vivo Data 

 

 

Data is presented as mean values ± SEM unless stated otherwise. Statistical 

significance for single comparisons of normally distributed data was determined by a 

two-way Student’s t-test. For sample populations with unequal standard deviations 

(SD) a t-test was performed with Welch’s correction. For multiple comparisons one-

way ANOVAs followed by the Bonferroni correction were performed. For stand-

alone comparison between two population groups Fishers LSD (least significant 

difference) test was used. A p value <0.05 (*) is considered as borderline significant, 

p<0.01 (**) moderately significant and p<0.001 (***) is strongly significant. All 

statistical analysis was performed in GraphPad Prism.     
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3.1 Introduction 

 
The prostate gland contains the highest concentrations of zinc of any organ or tissue 

in the human body and the peripheral zones, where most PCa tumours arise, are 

particularly rich in this metal (104, 105). Zinc is vital for normal function of the 

prostate gland, therefore prostate epithelial cells are highly specialised to accumulate 

and store high levels of this metal. Zinc has multiple physiological roles in the 

prostate epithelial cell including regulation of cell proliferation via apoptosis. This 

process appears to be protected even in PCa but the role of zinc with regards to CRPC 

tumour growth is yet to be established.  

 

One issue with previous published literature is that many studies use supra-

physiological concentrations of zinc. Many studies have observed significant PCa cell 

death following zinc (167, 201, 202, 205). However, normal serum zinc concentration 

ranges from 10 to 25µM, most of which is bound to proteins, and ISF zinc 

concentration is normally 2 to 5µM (22, 23). Excessive cellular zinc is toxic to cells 

and therefore tight buffering and homeostasis of zinc is critical (24). These super-

physiological zinc concentrations are not fully representative of true the physiological 

environment in which normal and pathological cells are exposed, and hence to 

understand the true implication of zinc in the PCa cell studies using lower, non-toxic 

doses are required (23). 

 

One theory from previous published in vitro evidence suggests that zinc inhibits PCa 

cell proliferation, which could be related to an increase apoptosis but others suggest 

zinc can slow proliferation by a G2/M phase arrest (203, 206). The exact mechanism 
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is unknown and furthermore the role of zinc in prostate tumour development is 

unclear. One in vivo study demonstrated that zinc increased mitochondrial membrane 

Bax/Bcl-2 protein ratio in zinc PC3 xenograft tumours and was associated with 

caspase-mediated apoptosis, and another demonstrated a reduction in tumour volume 

following zinc (215, 222).   

 

TPEN (N,N,N′,N′-Tetrakis(2-pyridylmethyl)ethylenediamine) is an intracellular zinc 

chelator and is the best, most readily absorbed Zn2+ chelating agent available. TPEN 

has been shown to be detrimental to the survival of PCa cells in vitro as well as shown 

potential as a therapeutic agent (311, 313) The mechanism of cell death following 

TPEN is likely related to apoptosis however, little is known regarding the effects of 

TPEN mediated zinc chelation with regards to PCa tumour growth.  

 

The aims of this chapter were to measure cell viability and determine an appropriate 

zinc treatment range for normal, androgen sensitive PCa and CRPC cells; to 

determine the short and long-term effects on cellular proliferation of an universally 

safe and physiologically relevant dose of zinc in normal and PCa cells and finally to 

determine if zinc supplementation or chelation (TPEN) has any effect on macroscopic 

tumour growth in vivo.   
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3.2 Materials and Methods  

 

3.2.1 Cell Culture  

 

The three human PC cell lines (PC3, DU145 and LNCaP) used in these experiments 

were generously donated by A/Prof. Ian Davis, Ludwig Institute for Cancer Research, 

Melbourne and had been purchased from ATCC in 2009. The normal prostate 

epithelial cell line PNT1A (passage = 57) was kindly donated by Dr Birunthi Niranjan 

(Monash University, Victoria, Australia), which was originally purchased from 

ECACC in 2003.  All cell lines were cultured in RPMI 1640 medium and were 

supplemented with 8% FBS, 1X HEPES and 100 U/mL penicillin/streptocmycin and 

maintained in a humidifying incubator with 5% CO2. Cultures were passaged once 

70% confluency was reached. Culture medium from the flask was removed and 

discarded. Cells were washed with 1X PBS and. 2.0ml of 0.25% trypsin-EDTA 

solution was added to the flask and incubated at 37°C until the cell layer was about to 

be dispersed (usually within 2 to 5 minutes). Once cells started detaching trypsin-

EDTA solution was removed and cell were dispersed by gentle flick to the flask. 6.0 

to 8.0 ml of complete growth medium was added to the flask and the cells collected 

into a centrifuge tube and pelleted at 1000 × g at 4°C for 3 minutes. The supernatant 

was discarded and the cell pellet was suspended into fresh medium and dispensed into 

the culture flask. Cell concentration was determined with a micro-haemocytometer 

and suspended in serum media to the desired cellular concentration.  
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3.2.2 MTT Survival Assay  

 

For measurement of cell survival following either zinc (ZnCl2 12.5µM, 25µM or 

50µM), TPEN (500nM) or docetaxel treatment (1µM) for 48 hours, 1.0 x 104 PNT1A, 

LNCaP and PC3 cells were cultured in a clear 96-well plate in serum media overnight. 

Serum media was aspirated at 24 hours and cells cultured in SFM plus either zinc, 

TPEN or docetaxel. After 48 hours 10µL of MTT solution (5mg/mL) was added to 

each well and returned to the incubator for 1 hour, until colour developed. Treatment 

SFM and MTT was aspirated and 150µL isopropanol added to each well and each 

plate was placed for 5 - 10 minutes onto a shaker to dissolve MTT crystals. 

Absorbance was measured using FLUOstar Optima Microplate Reader (BMG 

Labtech). Triplicate results from three separate experiments are expressed as mean ± 

SEM % vs. untreated control.   

 

3.2.3  MTT Proliferation Assay  

 

For measurement of cell proliferation following zinc (ZnCl2 10µM) or iron (AFC 

10µM or FeCl2 10µM) or sodium citrate (10µM) for 72 hours 2.5 x 104 cells PNT1A, 

LNCaP and PC3 cells were cultured in serum media in a clear 24-well plate. Cells 

were incubated at 37˚C overnight. On day 1 serum media was discarded and replaced 

with 500µL serum free media plus desired treatment. Cells continued to be incubated 

at 37˚C for 72 hours. One plate per cell line was processed for MTT absorbance 

reading (as described above) at the time points (hours): 0, 24, 48 and 72. Triplicate 
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results from three separate experiments are expressed as mean ± SEM % vs. day 0 

untreated control for the respective cell line.   

3.2.3.1 Zinc 4-Hour Pre-Conditioning  

 

PC3 and PNT1A cells were diluted to reach a desired concentration of 1.25 x 105 cells 

/ mL. A volume of 1000µL per well of cell suspension in serum media  (125,000) was 

inserted into a clear 12-well plate. Cells were incubated at 37˚C overnight. On day 1 

serum media was discarded and replaced with 1000µL serum free media. Zinc (ZnCl2 

0.1µM, 1.0µM, 10µM or 15µM) pre-conditioning treatments were added to each well 

at desired concentrations and then incubated at 37˚C for 4 hours. Serum media was 

then discarded and replaced with 1000µL of fresh SFM and incubated for 24 hours at 

37˚C. On day 2, 10µL of 5mg/mL of MTT solution was added per well measured for 

absorbance as described above.   

 

3.2.4 PC3 Xenograft Model  

 

All animal studies were approved by the Animal Ethics Committee (Austin Hospital, 

Victoria, Australia). Certified severe combined immunodeficiency (SCID) male mice, 

aged > 4 weeks were purchased from the Animal Resource Centre (Perth, Australia) 

and housed in animal research facility (BioResources Facility, Austin Hospital, 

Australia). 

 

3.2.4.1 Establishing PC3 Xenograft Tumours  
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Cells were cultured and trypsinised as described above.  A minimal total number of 

PC3 cells (2.5 x 106 per tumour) were counted. The pellet of cells was resuspended in 

SFM at a concentration of 2.5 x 106/100µL and placed on ice prior to injection. Cell 

suspension (100µL) was injected subcutaneously into the right and/or left flanks of 

SCID mice (age > 4 weeks) with a 1mL syringe and 26G needle. Animals were 

monitored as per protocol for 7 – 10 days to allow xenograft tumours to be established. 

PC3 xenograft tumours were established by feeling the presence of tumour lumps 

mice were randomised into control and treatment groups.  

 

3.2.4.2 Administering Zinc Chloride and TPEN Treatment 

 

Zinc chloride (ZnCl2) (Sigma-Aldrich) was dissolved in injection water and 0.1% 

HCL acid, to final a concentration of 1µg/µL. TPEN (Sigma-Aldrich) was dissolved 

in DMSO and diluted with sodium chloride (NaCl) to a final concentration of 1µg/µL. 

Final DMSO concentration was < 4.0 %. Following dilution both solutions were 

sterile filtered.  Before injection each mouse was weighed and a weight (g) to the 

nearest 5g was established for each mouse. Intraperitoneal (IP) injection of either 

ZnCl2 or TPEN (3mg/Kg, 10mg/Kg or 30mg/Kg) or vehicle (200µL of NaCl) was 

injected using a 29-gauge needle twice weekly until tumour volume exceeded 

1000mm3 or animals were excluded from the study.  

 

3.2.4.3 Xenograft Data Collection  
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PC3 Xenograft tumour volume was measured daily with micro-callipers for the 

duration of the study or until animals were sacrificed earlier (if tumours reach a 

volume exceeded > 1000mm3). Tumour volume (mm3) was calculated as: tumour 

length (L) x width2 (w) / 2. At the end of the study period SCID mice were humanely 

euthanised by isoflurane anaesthetic overdose. Each xenograft tumour was carefully 

dissected from the mouse flank and then tissue was weighed.  Each tumour was 

divided into equal halves. One half was preserved in formalin and the other snap 

frozen in liquid nitrogen then stored at -70˚C. Tumour specimens stored in formalin 

were then transferred to 70% ethanol after 24 hours and were fixed and embedded in 

paraffin.  

 

3.2.4.4 Immunohistochemistry Antibodies  

 

Caspase-3 Polyclonal Rabbit IgG (R&D systems, USA) were used at 1:200 and 

1:1000 dilutions respectively  

 

3.2.4.5 Immunohistochemistry Protocol  

 

Tumour tissue was sectioned (4µm) onto superfrost slides and dried overnight in an 

incubator. Paraffin-embedded tumour sections were warmed up at 65˚C for 30 

minutes, de-waxed in in histolene for 10 minutes x 2, dehydrated with 100% ethanol 

for 5 minutes x 2 and 70% ethanol for 5 minutes. Slides were then washed in running 

water for 1 minute. Antigen retrieval was performed by submerging samples in citrate 

buffer 1X (pH 6.0) and heating them in a microwave for 3 minutes on medium-high 
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and 13 minutes on medium-low heat.  Slides were allowed to cool, washed with 

TBST and the endogenous peroxidases in the specimens were blocked by 3% 

hydrogen peroxide treatment for 10 minutes in the dark. Slides were washed in TBST 

buffer for 5 minutes x 2. Non-specific blocking was performed with 10% goats serum 

(diluted in TBST) which was added and slides incubated for 30 minutes at room 

temperature. Slides again washed in TBST for 5 minutes x 2.  Primary antibody 

(HIF1α or caspase-3 or Ki67) at optimal concentration (see below) diluted in TBST 

was added at 4˚C overnight. After antibody incubation, slides further washed in TBST 

5 minutes x 2 and were treated with a polymer HRP anti-rabbit secondary antibody in 

the dark at room temperature for 1 hour. Slides were washed with TBST 5 minutes x 

2. Then 3,3' Diaminobenzidine (DAB) chromogen (1 drop/ml of substrate buffer, 

Dako) was added to complete development. Finally, slides were counterstained with 

hematoxylin for 1 minute, washed in running water and Scott’s tap water also for 1 

minute. Slides were washed in water, dehydrated (70% ethanol for 2 minutes then 

100% ethanol for 3 minutes x 2) and cover slipped after fixing in histolene for 10 

minutes. The slides were then allowed to dry overnight.  

 

3.2.4.6 Immunohistochemistry Analysis  

 

 A standardised approach using TMARKER software was used for IHC analysis for 

each tumour sample. Firstly each tumour (each of which closely resembled an ellipse) 

was divided into 9 even sections (Figure 2.7). One photo per section was taken at x10 

magnification with an electronic microscope (Nikon CoolScope).  Automatic cell 

counting for heavy staining (3+) cells expressed as a percentage of unstained cells 
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was performed for each of the 9 sections and then these were averaged to give a final 

percentage for each tumour.    

 

3.2.5 Statistical Analysis  

 

Data are presented as means ± SEM unless stated otherwise. Statistical significance 

for single comparisons of normally distributed data was determined by a two-way 

Student’s t test. For sample populations with unequal standard deviations (SD) a t test 

was performed with Welch’s correction. For multiple comparisons one-way ANOVAs 

followed by the Bonferroni correction were performed. For stand-alone comparison 

between two population groups Fishers LSD (least significant difference) test was 

used. A p value <0.05 (*) is considered as borderline significant, p<0.01 (**) 

moderately significant and p<0.001 (***) is strongly significant. All statistical 

analysis was performed in GraphPad Prism.     
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3.3 Results 

3.3.1 CRPC-Like PC3 Cells Are Resistant To Docetaxel 

Chemotherapy  

 

Cell viability in normal prostate (PNT1A), androgen sensitive (LNCaP) and CRPC-

like (PC3) cells was analysed after 48 hours of docetaxel treatment (1µM). PNT1A 

cells representing normal prostate epithelial cells considered as control. As shown in 

Figure 3.1 cell survival in PC3 cells was significantly higher by 48 ± 4.5% and lower 

in LNCaPs by 19 ± 0.6 % compared to PNT1A cells (p<0.001). This illustrates the 

resistive nature of the CRPC-like PC3 cell line to chemotherapy.  

 

 

 
 
 

Figure 3.1 Docetaxel Resistance in Human Prostate Cells 

Cell viability in PNT1A (control) , LNCaP and PC3 (PCa) cells was analysed 

by MTT after 48 hours of docetaxel treatment (1µM). Triplicate values from 
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three separate experiments are expressed as mean ± SEM percentage of 

untreated control. *** p<0.001 versus PNT1A cells determined by two-way t 

test.   

3.3.2 Zinc Toxicity Threshold Is Lower In Prostate Cancer Cells  

 

Prostate epithelial cells are unique in their ability to uptake and accumulate zinc. 

Since zinc is crucial for normal prostatic function there is a great interest into the role 

of zinc in PCa. Many studies have reported outcomes following zinc treatment, 

however the range varies from as low as 0.5µM to 400µM (202, 203). We therefore 

established cell survival and a zinc dose-response curve for PNT1A, LNCaP and PC3 

cells following ZnCl2 treatment (12.5µM, 25µM and 50µM) for 48 hours, as 

illustrated in Figure 3.2.  

 

At high ZnCl2 concentration (50µM) cell survival was less than 15% in all 3-cell lines. 

At medium concentration (25µM) and low concentration (12.5µM) there is a 

significantly greater tolerance to zinc in PNT1A cells compared to PCa cells 

(p<0.001). Cell survival was 104% in PNT1A compared to 28% of LNCaP and 19% 

in PC3 cells at 25µM and 113%, 93% and 91% PNT1A, LNCaP and PC3 cells at 

12.5µM respectively. The IC50 value for zinc for these cell lines was 29µM, 20µM 

and 19µM for PNT1A, LNCaP and PC3 respectively. The observation suggests PCa 

cells respond to zinc at lower concentrations compared to normal prostate epithelial 

cells and for the purposes of in vitro studies concentrations of zinc less than 50µM 

should be used.  A final safe dose of 10µM ZnCl2 was used for subsequent 

experiments because a denominator of 10 is practically easier to calculate and use, 
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protentially less subject to human error when making up ZnCl2 doses from raw 

compounds. Also, half the IC50 value for PC3 cells is 10µM.  

 

 
 

Figure 3.2 Zinc Dose Response Curve In Prostate Cell Lines  

Cell viability in PNT1A, LNCaP and PC3 cells was analysed by MTT after 48 

hours of zinc treatment (12.5µM, 25µM and 50µM of ZnCl2). Triplicate 

values from three separate experiments are expressed as mean ± SEM 

percentage of untreated control. *** p<0.001 versus PNT1A cells determined 

by two-way t test.  

 

 

3.3.3 Zinc Chelation by TPEN Reduces Cell Survival  

 

Having observed a lower threshold for exogenous zinc in LNCaP and PC3 cells, it 

was then established if chelation of zinc had a similar effect on these cell lines. Zinc 
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dyshomeostasis has been shown to cause cell death, but the mechanisms are unknown 

(328).  The cell-permeable and specific Zn2+ chelator TPEN was used to assess cell 

survival following treatment with TPEN 500nM for 48 hours. The percentage of 

viable cells after 48 hours was significantly lower in all three cell lines: 34 ± 3% in 

PNT1A, 18 ± 4% in LNCaP and 20 ± 1% in PC3 cells (Figure 3.3). Interestingly 

TPEN treatment resulted in a 15% lower cell survival in both PCa cell lines compared 

to PNT1A cells, which was statically significant on analysis (p<0.01).   

 

 
 

Figure 3.3 Cell survival in prostate cells exposed to the Zn2+ chelating 

agent TPEN  

Cell survival in PNT1A, LNCaP and PC3 cells was analysed by MTT after 48 

hours of TPEN 500nM in SFM. Triplicate values from three separate 

experiments are expressed as mean ± SEM percentage of untreated control. 

*** p<0.001 versus untreated control and ## p<0.01 versus TPEN treated 

PNT1A cells determined by two-way t test.   
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3.3.4 Exogenous Zinc Inhibits Cellular Proliferation In PC3 Cells 

 

We determined if zinc has a potential role in CRPC tumour growth by measuring 

cellular proliferation using MTT assay following long-term zinc exposure up to 72 

hours in PNT1A, LNCaP and PC3 cells. We selected ZnCl2 10µM as an appropriate 

and safe dose based on our previous results. Overall zinc did not affect PNT1A 

(Figure 3.4A) or LNCaP proliferation (Figure 3.4B). The greatest inhibitory effect 

was observed in CRPC-like PC3 cells (Figure 3.4C), where cell numbers only 

increased 3.8 ± 0.5 fold with zinc compared to 6.6 ± 0.1 fold in control (p<0.0001). 

Furthermore, short-term exposure (4 hours) to ZnCl2 results in a significant reduction 

in PC3 cell numbers compared to PNT1A with a fold decrease of 0.27 ± 0.03, 0.21 ± 

0.04, 0.21 ± 0.04 and 0.26 ± 0.03 for 0.1, 1.0, 10 and 15µM respectively (p<0.001) 

(Figure 3.4D). This highlights the increased sensitivity of PC3 cells to zinc even at 

low doses and short exposure times.  
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Figure 3.4 The effect of zinc on short and long term prostate cell 

proliferation  

Cell proliferation following exposure to ZnCl2 10µM was assessed by MTT 

assay at 0, 24, 48 and 72 hours in (A) PNT1A, (B) LNCaP and (C) PC3 cells. 

Increase in cell proliferation was calculated as a percentage of cell number 

measured time point 0. Triplicate results from three separate experiments are 

plotted as mean ± SEM. * p< 0.05, ** p<0.01 and *** p<0.001 Zn versus 

control as determined by one-way ANOVA.  Fold change in cell number 

following exposure to ZnCl2 0.1µM, 1.0µM, 10µM and 15µM for 4 hours was 

assessed in (D) PNT1A and PC3 cells. *** p<0.001 versus untreated control 

as determined by one-way ANOVA.   
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3.3.5 Exogenous Iron Stimulates Proliferation in PC3 Cells  

 

Zinc is second to iron (Fe2+) as the most abundant trace metal in the human body. Iron 

has been suggested to be a cofactor in tumour cell proliferation in other cancers; 

therefore we also assessed the effect of iron on PC3 cell proliferation (329). 

Intriguingly, we observed significant increases of 54 ± 8.1% and 45 ± 3.4% with two 

different iron preparations over 72 hours (Figure 3.5), ammonium ferric citrate 10µM 

(AFC) and ferric chloride 10µM (FeCl2) respectively (p<0.001).  When compared to 

sodium citrate control 10µM (Na-Cit), there was still a significant increase of 43% 

(p<0.01), implying that the availability of Fe2+ ions were primarily responsible for the 

changes observed.  
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Figure 3.5 Stimulation of PC3 cell proliferation following iron (AFC and 

FeCl2) treatment  

PC3 cell proliferation following 72-hour exposure to AFC 10µM and FeCl2 

10µM was assessed by MTT assay. Triplicate results from three separate 

experiments are plotted as mean ± SEM. *** p<0.001 versus untreated control 

and ## p<0.01 versus Na-Cit control as determined by two-way t test.   
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3.3.6 Supplementary Zinc Has No Role In PC3 Xenograft Tumour 

Growth   

 

PC3 are more sensitive to zinc compared to PNT1A cells in terms of proliferation but 

also very susceptible to influence of supplemental or depletion of intracellular zinc by 

TPEN. PC3 cells have a lower concentration threshold to exogenous zinc and also 

cellular proliferation is inhibited at low doses at exposure lasting up to 72 hours. 

Previous in vivo studies have shown zinc inhibits growth of prostate tumours (202, 

215).  

To assess the effect of zinc supplementation and zinc chelation on tumour growth in 

vivo we established a PC3 xenograft model in SCID mice. Treatment regime for zinc 

was twice weekly intra-peritoneal (IP) injections of ZnCl2 either 3mg/Kg, 10mg/Kg or 

20mg/Kg as calculated by mouse weight. As can be seen in Figure 3.6 overall zinc 

treatment 3mg/Kg and 10mg/Kg was well tolerated by the SCID mice. As a 

percentage of control mice weight the overall mean weight change in the ZnCl2 

3mg/Kg and 10mg/Kg treatment arms was 102 ± 0.4% and 97 ± 0.5% respectively 

(p>0.05). However, the higher dose of zinc (ZnCl2 20mg/Kg) was toxic to SCID mice 

(data not plotted). In the 1-2 days following the first IP injection of ZnCl2 20mg/Kg 

mice in this arm had lost considerable body weight up to 17% and were displaying 

symptoms such as lethargy, hyperventilation, diarrhoea and hair loss.  These mice 

were humanely euthanised and excluded from final analysis.  
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Figure 3.6 Daily weight measurement for SCID mice PC3 xenografts 

treated with zinc   

Mouse weight (g) was measured daily for SCID mice in three treatment arms: 

control (n=7), ZnCl2 3mg/Kg (n=3) and ZnCl2 10mg/Kg (n=7). Black arrows 

represent ZnCl2 or saline (control) IP injection. Value expressed are mean ± 

SEM percentages of corresponding mouse weight measured at day 0 prior to 

commencement of treatment.  

 
 
 
Xenograft tumour dimensions and subsequent tumour volume (mm3) was measured 

daily with micro-callipers (as outlined in section 3.2.4). Percentage increase was 

calculated based on tumour volume at day 0 prior to the commencement of treatment. 

As illustrated in Figure 3.7 zinc treatments, either ZnCl2 3mg/Kg or 10mg/Kg IP 

injection twice weekly, had no effect on the growth of PC3 xenograft tumours for the 
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duration of this study (14 days). Overall tumour volume increase was 688 ± 37% in 

the control, 554 ± 34% in ZnCl2 3mg/Kg and 616 ± 40% in ZnCl2 10mg/Kg arms, 

which was not statistically significant. This period included a total of four injections 

of either normal saline (control) or ZnCl2. In addition, there was no difference in PC3 

xenograft tumour growth rate (mm3/day) (Figure 3.10A) or tumour density (mg/mm3) 

(Figure 3.10B) between control and both zinc treatment groups.   

  



CHAPTER 3 – ZINC INHIBITS PROSTATE CANCER CELL PROLIFERATION IN VITRO 
 
 

163 

 

 

 
 

Figure 3.7 Tumour volumes of PC3 xenografts in zinc treated SCID mice  

PC3 xenograft tumour dimensions and subsequent tumour volume (mm3) was 

measured daily with micro-callipers for SCID mice in three treatment arms: 

control (n=7), ZnCl2 3mg/Kg (n=3) and ZnCl2 10mg/Kg (n=7). Black arrows 

represent ZnCl2 or saline (control) IP injection. Percentage increase compared 

to day 0 was calculated and mean ± SEM plotted. Statistical analysis was 

calculated by two-way ANOVA. # p<0.05 ZnCl2 3mg/Kg versus control.  
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3.3.7 Zinc Chelation By TPEN Does Not Influence PC3 Xenograft 

Tumour Volume   

 
Zinc chelation by TPEN is toxic to PC3 cells (Figure 3.3).  It has been shown to 

induce apoptosis in PC3 cells and induce cell death by reactive oxygen species (ROS) 

imbalance in non-prostate; breast cancer and leukaemia cell lines (312, 330, 331). To 

investigate if zinc chelation by TPEN impacts on tumour growth we administered 

twice weekly IP injected TPEN treatment 3mg/Kg, 10mg/Kg and 20mg/Kg to SCID 

to mice with established PC3 xenograft tumours. A maximum dose of TPEN 

20mg/Kg was selected as previous xenograft SCID mice studies had reported 

satisfactory tolerance to secondary daily doses 15-20mg/Kg but doses up to 30mg/Kg 

are toxic to mice (332, 333).  

 

As with zinc treatment, TPEN administered at doses 3mg/Kg and 10mg/Kg was well 

tolerated by mice (Figure 3.8). As a percentage of control mice weight the overall 

mean weight change in the TPEN 3mg/Kg and 10mg/Kg treatment arms was 100 ± 

0.3% and 100 ± 0.4% respectively (p>0.05). Again similarly to zinc, a higher dose of 

20mg/Kg of TPEN was poorly tolerated and ultimately toxic to the mice in this 

treatment arm.  Mice tolerated a maximum of 2 injections at this dose, but lost >10% 

body weight in most cases and displayed symptoms of toxicity such as severe lethargy, 

diarrhoea and jaundice. These mice were humanely euthanised and excluded from 

final analysis as is illustrated by the omission of data points following day 6 in Figure 

3.8.   
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Figure 3.8 Daily weight measurement for SCID mice PC3 xenografts 

treated with TPEN  

Mouse weight (g) was measured daily for SCID mice in four treatment arms: 

control (n=7), TPEN 3mg/Kg (n=3), TPEN 10mg/Kg (n=7) and TPEN 

20mg/Kg (n=4). Black arrows represent ZnCl2 or saline (control) IP injection. 

Values expressed are mean ± SEM percentages of corresponding mouse 

weight measured at day 0 prior to commencement of treatment.  
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Figure 3.9 Tumour volumes of PC3 xenografts in TPEN treated SCID 

mice 

PC3 xenograft tumour dimensions and subsequent tumour volume (mm3) was 

measured daily with micro-callipers for SCID mice three treatment arms: 

control (n=7), TPEN 3mg/Kg (n=3) and TPEN 10mg/Kg (n=7). Black arrows 

represent ZnCl2 or saline (control) IP injection. Percentage increase compared 

to day 0 was calculated and mean ± SEM plotted. Statistical analysis was 

calculated by two-way ANOVA.  
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As shown in Figure 3.9 TPEN treatment administered at either 3mg/Kg or 10mg/Kg 

did not affect PC3 xenograft tumour growth.   Overall increase in tumour volume was 

688 ± 37% in the control, 865 ± 263% in TPEN 3mg/Kg and 626 ± 82% in TPEN 

10mg/Kg, however none of these were statistically significant.  This is also 

reciprocated in Figure 3.10, which shows no difference in rate of tumour growth or 

tumour density between TPEN and control or even zinc treated mice. Mean tumour 

growth rate for control and both zinc treatment groups was similar at 29mm3/day, 

TPEN 3mg/Kg was 30 ± 7.8mm3/day and marginally lower, but of non-significance, 

was TPEN 10mg/Kg at 25 ± 2.9mm3/day (p<0.05).  
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Figure 3.10 PC3 xenograft tumour growth rate and tumour density 

following zinc or TPEN treatments   
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(A) Mean tumour growth rate (mm3/day) and (B) tumour density (mg/mm3) is 

shown for each treatment group (see legend). Growth rate was calculated by 

mean increase in tumour volume (mm3) per day for each treatment group 

(control n=7, ZnCl2 3mg/Kg n= 3, ZnCl2 10mg/Kg n=7, TPEN 3mg/Kg n= 3 

and TPEN 10mg/Kg n=7). Mean ± SEM values are plotted. Tumour density 

was calculated by dividing weight (mg) of final xenograft tumour specimen 

dissected after euthanasia by final tumour volume (mm3). Mean ± SEM values 

for each treatment arm are plotted. Statistical analysis was calculated using a 

two-way t-test.  

3.3.8 Zinc And TPEN Have A Positive Effect on Caspase-3 

Expression In Vivo 

 

On immunohistochemistry analysis of PC3 xenograft tumours both zinc and TPEN 

treatment had a positive effect on the expression of the apoptotic enzyme caspase-3 

(Figure 3.11). Caspase-3 staining was 80 ± 1.5% and 79 ± 2.0% in zinc 10mg/Kg and 

TPEN 10mg/Kg treated mice, which was significantly higher than controls with 71 ± 

2.9% strongly (3+) stained cells. No difference was seen between lower doses 

(3mg/Kg) of either zinc or TPEN and controls. Figure 3.12 depicts the strong staining 

seen in higher doses of zinc and TPEN compared to other treatment groups.   
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Figure 3.11 Semi-quantitative analysis of strong (3+) positive 

immunohistochemical staining for Caspase-3 using TMARKER  

Mean percentage strong (3+) staining of PC3 xenograft immunohistochemical 

staining for Caspase-3 was calculated using the TMARKER deconvolution 

software (Section 2.2.10.6). Number of tumours per group: control n=7, ZnCl2 

3mg/Kg n= 3, ZnCl2 10mg/Kg n=7, TPEN 3mg/Kg n= 3 and TPEN 10mg/Kg 

n=7. Values plotted are mean ± SEM, pooled from at least 9 x values for % 

strong (3+) staining per tumour. Statistical significance was considered as * 

p<0.05 and ** p<0.01 versus control determined by two-way t test.  
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Figure 3.12 Typical immunohistochemical staining for Caspase-3   

Typical immunohistochemical staining appearance of Caspase-3 (1:1000) for 

(A) Control (B) Zinc 3mg/Kg (C) Zinc 10mg/Kg (D) TPEN 3mg/Kg and (E) 

TPEN 10mg/Kg treatment groups 
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3.4 Discussion  

 

The PC3 cell line was originally derived from a bony metastasis from poorly 

differentiated prostate adenocarcinoma and is a well-established in vitro model which 

has been used for over 30 years to understand the aggressive behavior of PCa (302). 

LNCaP is another well-recognised model of human prostatic adenocarcinoma, derived 

from a PCa nodal metastasis and was first published in 1980 (140, 141). PC3 cells 

differ from LNCaP cells in that they do not express an androgen receptor (AR), which 

is generally accepted as feature of each cell line (142, 334, 335). Therefore, in this 

thesis PC3 cells are referred as CRPC-like cells, considering they are representative of 

the types of cells in post-ADT and castrate-resistant PCa and along with DU145 cells 

are used as in vitro models of PCa (336). It must be acknowledged however; that 

clinical CRPC often maintains AR (and often has AR amplification) and no cell line 

model is perfect representation for CRPC in vitro. However, recently there are some 

reports that new methods have actually shown AR mRNA and protein in PC3 and 

DU145 cells (143). Another reason why PC3 cells were used is that they are durable, 

readily cultured, split and plated for accurate experiments, as well as their ability to 

form xenograft tumours. PNT1A cells were derived from simian virus (SV40) 

transfected, immortalized normal prostate epithelial cells (138). This cell line is used 

as normal prostate cell control. All in vitro experiments involving cell culture were 

performed in RPMI media, which contains no zinc.  
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Excessive cellular zinc is toxic to cells and therefore tight buffering and homeostasis 

of zinc is critical. (24). Many studies have observed significant PCa cell death with 

zinc (167, 201, 202, 205). However, interstitial fluid zinc concentration is normally 2 

to 5µM many of these studies are conducted in super-physiological zinc 

concentrations which are not fully representative of true the physiological 

environment in which normal and pathological cells are exposed (23). For instance 

cell survival following incubation of prostate cells with at concentrations between 25 

– 50µM was significantly lower in PCa (LNCaP and PC3) cells compared to normal 

control (Figure 3.2). Cytotoxicity of zinc to PCa cells is supported by Masarik et al 

(106) who demonstrated that PC3 cells have an IC50 value for zinc 100µM lower than 

normal PNT1A cells. Kriedt et al (201) also demonstrated that PC3 cell viability 

heavily compromised at earlier zinc exposure times and doses compared to LNCaP 

cells. The reason why PCa cells are more susceptible to lower zinc concentrations is 

unknown. One hypothesis is multiple concurrent variations in expressions of zinc 

transporters (ZIP or ZnT) or buffers (MT) are expressed by each cell line (Table 1.6).  

 

One broad hypothesis, which is supported by our preliminary results (Figure 3.2 and 

Figure 3.3) and applied throughout this thesis, is the concept of zinc dyshomeostasis 

in PCa cells, particularly PC3 cells. In order to evaluate the biological effects of zinc, 

without causing toxicity we selected ZnCl2 10µM as appropriate safe dose well 

tolerated by all cell lines, with which to conduct our in vitro experiments.  

 

Chelation of zinc is a potent mediator of cell death across all cell lines (Figure 3.3). A 

higher proportion of cell death was seen in LNCaP and PC3 compared to PNT1A 

cells, illustrating this difference in zinc handling ability between normal and 
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malignant cells. Carraway et al (328) observed similar toxicity in and PCa (C4-2, 

LNCaP, DU145 and PC3) cells with both enhance zinc uptake (Zn ionophore) and 

zinc chelation (TPEN). Normal prostate epithelial cells (RWPE1) were 10x fold less 

sensitive to zinc ionophore but conversely 3x fold more sensitive to TPEN. This 

supports our findings whereby similar results have been observed in alternative 

normal prostate epithelial cell line (RWPE1). Mechanism of cell death following 

TPEN is likely related to apoptosis. Makhov et al (312) stipulate that TPEN promotes 

activation of caspase-3 and caspase-9, but also depletes an apoptosis inhibitory 

protein X-linked inhibitor of apoptosis (XIAP) in PC3 cells. Another possible 

mechanism is related to oxidative stress, whereby TPEN induces mitochondrial 

membrane potential leading to dysregulation of reactive oxygen species (ROS) and 

has been utilised recently by Stuart et al (313) to induce apoptosis in PCa cell by 

liposomal delivery of TPEN to prostate specific membrane antigen (PMSA) 

expressing cells.  Gmeiner et al (311) found TPEN enhanced the pro-apoptotic effects 

of F10, a novel polymeric fluoropyrimidine chemotherapy agent, in PC3 cells.   

 

TPEN mediated zinc chelation induces cell death via apoptosis, but clinical translation 

of this effect is fraught with issues particularly minimising toxicity and cellular injury 

to normal surrounding cells and tissue, whilst concurrently specifically targeting and 

destroying malignant cells. The studies above highlight the potential therapeutic 

benefit of TPEN treatment in combination with other agents, but more so they 

highlight the importance of firstly fully understanding zinc homeostasis and the role 

of zinc in mechanisms of PCa cell survival.   
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Zinc treatment inhibits CRPC-like PC3 cell proliferation (Figure 3.4), which has been 

demonstrated previously. Zinc can induce this low-proliferation survival state in PC3 

cells, a theme which will be revisited throughout this thesis. This in turn could be 

contributing to PC3 resistance, since various studies have shown that low proliferation 

cancer cell lines, tumour models and human cancers, are largely in the G0/G1 cell 

phase in which cytotoxic chemotherapy is ineffective (341-343). Concentrations as 

low as 6µM, inhibits cell proliferation in both LNCaPs and PC3s (203, 206). One 

mechanism is zinc-induced elevation of p21, nuclear factor involved regulating cell 

cycle progression and apoptosis, resulting in G2/M phase arrest and an increased 

apoptosis in PCa cells. Interestingly, growth arrest in PC3 cells is independent of 

pathways involving p53, which is a tumour suppressor gene mutated in over 50% of 

all human cancers and is an independent predictor of PCa recurrence post-RP (344, 

345). Ku et al (206) showed apoptosis in PC3 cells is clearly evident much earlier and 

at a lower concentration compared to LNCaP cells. Although we did not observe an 

inhibition of proliferation in LNCaPs, low zinc doses (<5µM) have been shown to 

inhibit growth up 50% (203). A potential therapeutic application of this effect has 

been demonstrated in PC3 cells by Chen et al (207) who found a significant increase 

in apoptosis of 40% (p<0.05) in sorafenib and zinc combination treatment compared 

to zinc treatment alone. Wong et al (346) observed an inhibitory effect of zinc on 

LNCaP growth but more importantly continuous exposure to high zinc increase 

expression of cancer promoting and pro-survival genes including HIF1α. Zinc 

mediated inhibition of proliferation seen in PC3 cells but not LNCaPs and could be 

attributed zinc uptake, which has been shown by Costello et al (158) to be to the 

androgen dependent. Androgen receptor negative PC3 cells do not accumulate zinc in 

response to testosterone, but AR transfection PC3 cells results in an increase in zinc 
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uptake as is also seen in LNCaP cells. Differences in zinc uptake is one possible 

explanation for differences between cell lines, which will be addressed in chapter 4. 

Another hypothesis is that zinc can induce apoptosis in PC3 cells by increased 

activation of caspase-9 and caspase-3 or decreasing mitochondrial transmembrane 

potential and decreased BCl-2 protein levels (211). Sztalmachova et al (347) showed 

that zinc treatment influences greater expression of Bcl-2 gene, an apoptosis inhibitor, 

in normal PNT1A compared to PCa cells (22Rvl), which could explain the difference 

in cell proliferation between normal and PCa cells seen in our results. In the same 

study the baseline level of the proliferation marker Ki67 was higher in the PCa cells, 

as expected for a cancer cell line, but there was no correlation between zinc and 

expression of markers including Ki67, NF-κB and p53 in either PNT1A or PCa 

cancer cells  

 

It is important to acknowledge that although MTT is valid to assess whole population 

cell survival or proliferation it is partly limited in that individual changes in cell 

morphology are not evaluated.  For instance zinc causes reduction in PC3 cell size 

compared to PNT1A, in which no size change is observed (106), which is not 

accounted for using MTT. Alternative methods are available such as the 

xCELLigence system, which offers the possibility to monitor cell growth and 

proliferation in real time, and could account for the huge variability of concentrations 

of zinc used in other studies (106, 188).  

 

One interesting observation as shown in Figure 3.5 was that iron, either in the form of 

AFC or FeCl2, resulted in a significant increase in PC3 cell proliferation. Iron has the 

opposite effect to zinc on PC3 cells in vitro by stimulating proliferation. Iron is 
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implicated in the development of new cancers, probably due to ROS generation, and 

is considered a co-factor in the proliferation of neoplastic cells (329). Expression of 

the primary Fe2+ exporter ferroportin is significantly reduced in PCa cell lines, 

including PC3 cells, which could explain why we see such as dramatic response in 

cellular proliferation following iron treatment in these cells (348).  Iron stimulates the 

TCA cycle, increases mitochondrial oxygen consumption and ultimately ATP 

formation via oxidative phosphorylation by enhancing the effect of three other TCA 

enzymes, namely citrate synthase, isocitrate dehydrogenase and succinate 

dehydrogenase (Figure 1.4). Since mitochondrial energy production is directly related 

to cellular proliferation, it can be concluded that iron increased proliferation in PC3 

cells is somewhat related to stimulation of the TCA cycle by excess Fe2+ ions. In 

contrast to other malignancies, such as liver and lung cancer, whereby elevated serum 

ferritin is associated with cancer risk, some studies suggest that PCa patients have 

significantly lower serum iron concentrations (349). However, in Chapter 4 (Figure 

4.3), LNCaP cells have significantly 5.5x fold higher concentration of Fe2+ compared 

to PNT1A cells. Other published evidence is conflicting as other studies suggest 

serum iron appears to be unchanged in PCa (350). Understanding the precise role of 

iron in PCa proliferation and metabolism cell is yet to be elucidated.  Further studies 

are required to determine if this effect is applicable in other PCa cell lines such as 

DU145 or LNCaPs.  

 

Zinc inhibited PC3 cell proliferation in vitro but this was not translated in in vivo in 

PC3 xenograft tumour growth (Figure 3.7 and Figure 3.10). Generally there is no 

consensus in the literature regarding the effect of zinc on tumour growth in vivo due 

to conflicting observations (Table 1.7). Firstly, with regards to zinc toxicity doses up 
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to ZnCl2 20mg/Kg are toxic to SCID mice but as shown in Figure 3.6 doses 

≤10mg/Kg were well tolerated. Published evidence on zinc toxicity in rodents and 

animals is lacking and the optimum therapeutic dose of ZnCl2 in SCID mice is 

unknown. In 1992 Bay et al (351) first reported the lethal dose (LD) of IP 

administered ZnCl2 in mice to be 28mg/Kg and later demonstrated that 14mg/Kg 

administered IP 5x times per week up to 3 weeks has no effect on mouse weight but 

can cause significant hepatomegaly (213). Sapota et al (137) have shown tolerance in 

Wilstar rats two preparations of orally administered zinc, Zn-citrate and Zn-gluconate 

compounds, of doses up to 50mg/Kg. Zinc sulphate causes significant weight loss at 

high doses (50mg/Kg). Furthermore, my colleagues Marshall et al (352) have 

published good tolerance as well as maximum efficacy of IP injected ZnCl2 in SCID 

mice by measuring zinc activation of the human gastrin gene in colon cancer cells. 

Their study highlights the narrow therapeutic range of ZnCl2 in vivo, whereby 

5mg/Kg was ineffective in stimulating gastrin promoter activity, but a single IP 

injection of zinc 10mg/kg produced a 7-fold increase in gastrin promoter activity. 

Therefore, in this study a maximum dose of ZnCl2 20mg/Kg IP injection at frequency 

of administration (twice weekly) was considered not safe in SCID mice, with two 

other treatment arms at lower doses (3mg/Kg and 10mg/Kg) maintaining an adequate 

therapeutic dose of zinc in order to observe effects in tumour growth.  

 

Franklin et al (215) have shown that zinc ionophore (clioquinol) inhibits tumour 

growth in ZIP1-knockdown PC3 xenograft tumours. The closest resembling in vivo 

study was published by Shah et al (202) that concluded direct intra-tumoural injection 

of zinc acetate halts growth of PC3 xenograft tumours leading to enhanced survival.  

The primary difference in Shah et al is that the route of administration (intra-
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peritoneal Vs. intra-tumoral) was different to our study.  Increased delivery of zinc to 

the tumour cells could account for the observation of suppressed tumour growth seen 

in their study and no difference seen in our study (Figure 3.7) and also tumour zinc 

levels (Figure 4.2). Zinc delivery to xenograft tumours is therefore one potential 

limitation of this study. Importantly the biological effects of zinc could also be 

diminished in vivo due to innate zinc buffering by serum albumin, thereby reducing 

free Zn2+ availability in serum and impacting protein expression as has been shown 

previously (352, 353). In the study by Shah et a, zinc treatment was directly 

administered into xenograft tumours as injection of 200µL of 3mM zinc acetate every 

48 hours, equating to around ~ 6mg/kg zinc. Interstitial fluid (ISF) is from where most 

mammalian source Zn2+ from but Zn2+ concentration in this physiological space rarely 

exceeds 10µM therefore the dose used by Shal et al was ~300x fold higher than 

physiological zinc (23).   

 

 

This study was limited by its duration (<2 weeks), primarily due to rapid growth of 

PC3 xenograft tumours reaching maximum volume of 1cm3, and time to observe the 

effects of zinc could be considered inadequate. Extended duration of zinc exposure (4 

to 20 weeks) can initiate apoptosis on a cellular level and can increase caspase-3, Bax 

and the Bax/Bcl-2 protein ratio but no significant reductions in macroscopic tumour 

growth have been observed (221, 222). Conversely long term (24 months) orally 

administered zinc supplementation does not affect androgen receptor (AR), caspase-3, 

p53, Bcl-2 or PCNA expression, or cell proliferation (185).  Magda et al (354) also 

suggest prolonged zinc ionophore is required (≥ 4 consecutive days) to observe 

inhibition of tumour growth, which suggests that twice-weekly injections was too 
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infrequent in this study. Another minor limitation is that the in vivo chapter of this 

study only includes one cell line (PC3), however considerable efforts were made to 

establish LNCaP xenograft tumours in SCID mice but unfortunately these were not 

successful.  

 

Despite being popular, subcutaneous xenografts in animals is not the only in vivo 

model available to study prostate cancer. Rodent dorso-lateral prostates are 

homologous to the region of the human prostate gland where most PCa tumours 

develop (355). Banudevi et al (221) induced PIN (by testosterone propionate injection 

and N-methyl-N-nitrosourea (MNU) injection) in Sprague Dawley rats and another 

model TRAMP (transgenic adenocarcinoma of the mouse prostate) was developed by 

Costello et al (161) and also used by Prasad et al (218). In reality it is very unlikely 

that a single model such as subcutaneous xenografts or other animal models discussed 

above such as TRAMP will perfectly reflect the natural biology and pathology of 

human PCa.    

 

Akin to zinc administration in SCID mice, the therapeutic window of TPEN appears 

to be below 20mg/Kg, as at this dose it is clearly toxic to mice (Figure 3.8). Previous 

studies experienced the same limitations with TPEN whereby low doses (≤10mg/kg) 

were well tolerated but higher doses (≥30 mg/kg) led to ataxia, loss of coordination, 

convulsions and rapid death (333). Furthermore, systemic administration of TPEN 

causes acute neurotoxicity and death in mice. In cell biology TPEN is widely used as 

a specific Zn2+ chelator, since is displays high affinity to this metal (4.0 x 10-15 M), 

but also has high binding affinities to other essential metals such as Fe2+ (4.0 x 10-14 

M) and Cu2+ ions (3.0 x 10-20
 M), which could be contributing to toxicity seen in 
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animals (356).  Currently TPEN is the best, most readily absorbed Zn2+ chelating 

agent available but other less ideal metal chelating agents are available including 

diethylenetriaminepentaacetate (DTPA), which is cell-impermeable, and chelexing 

resins (Chelex-100) (311, 357).  

 

Tumour volume following TPEN treatment, either 3mg/Kg or 10mg/Kg, was no 

different to controls as illustrated in Figure 3.9. We believe our study is unique in that 

it is the only study specifically addressing the effect of systemic TPEN treatment on 

prostate tumour growth in vivo. Another group Fatfat et al (332) did show that TPEN 

treatment, consisting of 20mg/Kg IP injection every 48 hours for 22 days, reduces 

HCT116 colon cancer xenograft tumour volume around 3-fold less than controls. 

Interestingly though mice tolerated TPEN doses 15-20mg/Kg but 30mg/Kg was toxic.  

Despite not observing a TPEN mediated effect in this study, the study by Stuart et al 

(313) highlights that PCa cells intuitively rely on zinc for survival and that targeted 

TPEN delivery via liposomes to PCa cells could be a profound development in the 

treatment of PCa.  

 

Immunohistochemistry is a major part of the practice of diagnostic surgical pathology 

worldwide, but we acknowledge that it is often subjective and is limited in terms of 

quantification analysis. Therefore, we performed a systematic staining analysis, using 

the same technical parameters for all tumour specimens, on a recognised cell counting 

and staining pathology software program (TMARKER) (326).  Every effort was made 

to minimise error and bias, whilst providing the most accurate representation caspase-

3 across all treatment groups. Firstly, we must disclose that the percentages obtained 

by this method should not considered as absolute values of change, but more this 
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method provides us binary outcome (positive or negative trend) of a treatment on the 

expression of the marker in question.  Consistent with previous publications, we 

observed positive effect on the apoptotic enzyme caspase-3 following zinc 10mg/Kg 

and TPEN treatment (Figure 3.11). Zinc inducing caspase family enzymes in prostate 

cells is well established in vitro, but in vivo data is limited (211). Banudevi et al (221) 

is the only other relevant PCa in vivo study that demonstrated by Western blot that 

zinc treatment increases caspase-3 protein in prostate tumours.  Despite observing an 

increase in caspase-3 in zinc treated mice, there was no change in tumour growth 

(Figure 3.7) or tumour density (Figure 3.10). This microscopic but not macroscopic 

observation could be explained by the limited dose regime (4 doses), timeframe (2 

weeks) and tumour volume (1000mm3) of this experiment. The regulation of 

apoptosis by zinc could be contributing to the regression of cancer growth  
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3.5 Conclusion  

 

Zinc toxicity threshold is significantly lower in PCa (LNCaP and PC3) cells compared 

to normal control (PNT1A) cells. Short and medium term incubation with 

physiological zinc concentrations treatment inhibits CRPC-like PC3 cell proliferation, 

in keeping with previous published studies. Zinc induces a low-proliferation survival 

state in PC3 cells, which has strongly been associated with increased resistance to 

cytotoxic chemotherapy in other cancers (341-343).  

On the contrary supplementation with an alternative divalent cation metal iron (Fe2+) 

significantly increases PC3 cell proliferation, potentially via activation of the TCA 

cycle. Zinc has an opposite effect initiating this survival, low-energy state in PC3 

cells. Zinc supplementation or chelation by TPEN has no effect on macroscopic 

tumour growth in a SCID mouse PC3 xenograft tumour model. Although on IHC of 

PC3 xenograft tumours both zinc and TPEN treatment appears to have a positive 

effect on the expression of the apoptotic enzyme caspase-3. This study is unique in 

that it is the only study specifically addressing the effect of systemic TPEN treatment 

on prostate tumour growth in vivo.  
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4.1 Introduction 

 

In human biological systems essential metals, including zinc (Zn2+), are tightly 

regulated. Zinc is crucial for protein structure, gene transcription, over 300 enzymes 

and cellular signalling and thus it is a requirement that a portion of Zn2+ ions be 

readily exchangeable. Intracellular concentrations of total zinc in mammalian cells 

ranges from 100 to 500µM and are therefore considered generally rich in zinc. The 

majority of Zn2+ is tightly bound, considered inactive, and the amount of free Zn2+, 

considered biologically active, exists in micromolar to picomolar concentrations (9). 

Cellular zinc homeostasis is a complex multi-factorial mechanism and excessive 

cellular zinc is toxic to cells therefore tight buffering and homeostasis of zinc is 

critical (24). Unlike most cells in which zinc is sequestered into vesicles and 

organelles, free Zn2+ in cytoplasm of the prostate cell compromises almost 35% of the 

total intracellular zinc content and around 30% of cellular Zn is sequestered in the 

mitochondria (154, 155). Zinc homeostasis in prostate cancer cells is poorly 

understood. 

 

There are many conflicting views regarding zinc levels in PCa but long-standing 

notion is that total zinc levels are decreased in PCa (151).  Total tissue zinc levels 

might be reduced in PCa but up to 90% of Zn2+ ions are tightly bound to other 

compounds and can be considered biologically inactive (153). Prostate cancer cells 

have been shown to have a higher proportion of free Zn2+ and lower bound zinc 

compared to normal prostate epithelial cells and can take up significantly higher 

concentrations of zinc which is distributed differently within the cell (106).  It still 

remains that zinc levels and distribution in PCa is not fully understood, but to address 
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this issue we must determine the levels and the subcellular distribution of active zinc 

and the biological sequelae of zinc in PCa (9). 

 

In previous years it has been experimentally challenging to distinguish protein bound 

zinc from free Zn2+, but the recent development of specific Zn2+ fluorescent indicators 

has made this possible. Since these Zn2+ specific probes have only been developed of 

late, their application in PCa has not been fully explored and relatively little is known 

about free Zn2+, Zn2+ uptake and its subcellular distribution in PCa cells. Therefore we 

selected one of the most accurate fluorescent Zn2+ probes available: FluoZin-3 in 

order to measure free Zn2+ in PCa cells and further understand zinc homeostasis in 

PCa. The specific aims of this chapter were to determine the levels of total and free 

Zn2+ in prostate cell lines, compared prostate with non-prostate cell lines, and to 

compare Zn2+ uptake and subcellular distribution between normal prostate epithelial 

and CRPC cells.  
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4.2 Materials and Methods  

 

4.2.1 Total Zinc  

 

4.2.1.1 NMI Total Zinc Sample Preparation 

 
 
Cells were cultured and trypsinised as described above. Following the first centrifuge 

the pellet of cells was resuspended in 5mLs of serum media and total cell count was 

counted using a haemocytometer. For a second time, cells were pelleted by 

centrifugation (1000 × g, 4°C, 3 minutes) and the supernatant aspirated. Following the 

second centrifuge the pellet of cells was collected in a 1.5mL eppendorf tube and 

frozen at -70˚C until >500mg wet weight of cells was collected. Each cell line was 

dried for 24 hours at 60˚C in Xtron HI 2002 Incubator. All samples were then 

transferred to the National Measurement Institute (NMI, Australian Government, Port 

Melbourne, Victoria). Total zinc content (mg/Kg) per cell line was measured using 

mass spectroscopy.    

 
 

4.2.1.2 ICP-MS Cell Culture Sample Preparation  

 

For measurement of total zinc 5.0 x 105 cells for each cell line PNT1A, LNCaP, 

DU145 and PC3 were cultured in 60mm cell culture dishes in 5mls serum media 

overnight. On day 1 serum media was aspirated and then replaced with SFM ± ZnCl2 

10µM and returned to the incubator for 4 hours.  SFM was then aspirated and samples 

washed briefly for 20-30 seconds with 2mLs of Milli-Q water. A final volume of 



THE ROLE OF ZINC IN PROSTATE CANCER 
 
 

 188 

500µL of Milli-Q water was added and cells scraped into a 1.5mL eppendorf tube. 

Samples were stored at -70˚C. A total of 6 samples per cell line per treatment were 

collected from 3 different runs and stored for analysis.  

 

 

4.2.1.3 Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) Metal 

Analysis Protocol  

 

Samples were transported to the Florey Institute of Neuroscience (Melbourne, 

Australia) on ice for ICP-MS metal analysis by Irene Volitakis. The cell lysate was 

freeze-dried first before being processed further. Nitric Acid 65% (Suprapur, Merck) 

50µL was added to each cell pellet and allowed to digest overnight at room 

temperature. The samples were heated at 90˚C for 20 minutes using a heating block to 

complete the digestion.  The reduced volume after digestion was ~40 µL. To each 

sample added 460µL of 1% (v/v) of Nitric Acid diluent.  Final Volume was 0.5 mL. 

 

Measurements were made using an Agilent 7700 series ICP-MS instrument under 

routine multi-element operating conditions using a Helium Reaction Gas Cell.  The 

instrument was calibrated using 0, 5, 10, 50, 100 and 500 ppb of certified multi-

element ICP-MS standard calibration solutions (ICP-MS-CAL2-1, ICP-MS-CAL-3 

and ICP-MS-CAL-4, Accustandard) for a range of elements. Used a certified internal 

standard solution containing 200 ppb of Yttrium (Y89) as an internal control (ICP-

MS-IS-MIX1-1, Accustandard). 
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4.2.1.4 PC3 Xenograft Tumour Total Zinc Analysis  

 

At the end of the study period SCID mice that had received IP injections of treatments 

(NaCl or ZnCl2 10mg/Kg or TPEN 10mg/Kg) were humanely euthanised by 

isoflurane anaesthetic overdose and PC3 xenograft tumours were harvested. Each 

tumour was divided into equal halves. One half was snap frozen in liquid nitrogen 

then stored at -70˚C. These tumour samples were then transferred to the National 

Measurement Institute (NMI, Australian Government, Port Melbourne, Victoria) for 

total zinc content analysis.  

 
 

4.2.2 FluoZin-3 Free Zn2+ Fluorescence Assay 

 
The FluoZin™-3, AM, fluorescent indicator is a Zn2+ selective indicator that exhibits 

high Zn2+ binding affinity, was purchased from Life Technologies (Life Technologies 

Australia Pty Ltd, VIC, Australia) and stored in a freezer at -20°C protected from 

light.  

Stock was diluted in HBSS solution (Gibco™) to a final desired concentration (5µM), 

and then diluted in pluronic acid (20%) at a ratio of 1:1.  

 

Two cell lines representative of normal prostate epithelial cells (PNT1A and RWPE1), 

three prostate cancer (LNCaP, DU14 5 and PC3), one human kidney proximal tubular 

cell (HK2) and renal cell adenocarcinoma cell line (ACHN) were cultured as 

described in Section 2.1.4.4). 
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For baseline free Zn2+ and Zn2+ uptake analysis 1.0 x 104 cells for each cell line was 

suspended in 100µL of serum media and inserted into a black 96-well plate then 

incubated overnight. On day 1 serum media was discarded and replaced with SFM 

containing treatment of ZnCl2 10µM for either 1, 4 or 24 hours or ZnCl2 50µM for 4 

or 24 hours. At least 3 wells per cell line per assay were cultured in SFM containing 

either TPEN 10µM or ZnCl2 500µM for 1 hour, in order to enable Fmin and Fmax 

values to be calculated respectively. Upon completion of treatment period cells were 

washed three times with 100µL of HBSS in the dark. A volume of 90µL of FluoZin-3 

5µM stock dye was then added and the plate was then covered in foil and incubated at 

37˚C in the dark for 45 minutes. Following incubation cells were washed three times 

again with HBSS and then fluorescence reading was performed using FLUOstar 

Optima Microplate Reader (BMG Labtech).  

 

Free Zn2+ concentration (nM) was calculated using the following formula, whereby F 

represents the fluorescence value being analysed and Kd for FluoZin-3 is 15 nM (358-

360):  

 

Zn (nM) = Kd x (F-Fmin) / (Fmax-F) 
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4.2.3 Immunofluorescence 

 

4.2.3.1 Sample Preparation  

 
A total of 2.0 x 105 cells per well of PNT1A and PC3 cells were suspended in serum 

media and inserted into a clear 6-well plate containing sterilised coverslips at bottom 

of each well. Each plate was incubated overnight in order for cells to attach to 

coverslips. On day 1 serum media was discarded and cells were washed with 1X PBS. 

Zinc treatment (ZnCl2 10µM) in SFM was added at 30, 60, 120 and 240-minute 

intervals and also TPEN 25µM for 1 hour for both cell lines. Treatment containing 

SFM was discarded and cells were washed again with 1X PBS. A solution of 1mL 

HBSS containing fluorescent probes FluoZin-3 2.5µM, mitochondria agent 

MitoTracker Red FM (Thermo-Fischer Scientific) 50nM and nuclear staining agent 

Hoechst 33342 (Thermo-Fischer Scientific) (1:500 of 100µg/mL stock) was added to 

each well and incubated for 45 minutes at 37˚C in the dark. Cells were washed twice 

quickly with HBSS, then a final HBSS wash was added and plates were places on a 

shaker for 20 minutes at room temperature in the dark. HBSS washing solution was 

discarded and cells were fixed using paraformaldehyde 4% for 3 minutes. Fixing 

solution was discarded and cells returned to HBSS. Coverslips were carefully 

transferred and mounted onto superfrost mounting slides using DAKO 

immunofluorescence mounting media. Slides were stored in the dark at room 

temperature.  
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4.2.3.2 Confocal and Microscopy Imaging  

 

All immunofluorescence imaging and analysis was performed using a Nikon DS-Qi 

1Mc Camera / C2+ Confocal Microscope and NIS Nikon Elements Software (Ver. 

4.5). Nikon DS-Qi 1Mc Camera still images for blue DAPI (Hoechst), green FITC 

(FluoZin-3) and TRITC red (MitoTraker) channels were captured using 60x oil 

immersion magnification. Exposure times for all channels were kept constant for 

acquiring images from both cell lines (PNT1A and PC3) for all treatment groups 

which were 250ms, 120ms and 35ms for DAPI, FITC and TRITC channels 

respectively. Three separate colour images for each channel, plus a composite image 

were saved in TIFF format.  

 
 

Confocal image capture was performed using pre-set confocal laser wavelengths 

405nm (DAPI), 488nm (FITC) and 561nm (TRITC) and pinhole size 30µm. Multiple 

layered images per cell were acquired using the ‘Z-stack’ feature on NIS elements 

software  

 

4.2.3.3 FluoZin-3 Light Intensity and Pearson Coefficient Correlation Image 

Analysis  

 
Mean light intensity for green FITC channel (FluoZin-3) was calculated using region 

of interest (ROI) function, for at least three random cells per slide and minimum 10 

slides for each treatment group. Mean light intensity minus background was 

calculated for each treatment group then divided by the area (µm2): 
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FluoZin-3 Light intensity = ROI FITC Mean Intensity / ROI area (µm2) 

 

Colocalisation of Zn2+ to mitochondria was estimated using the Pearson coefficient 

for correlation between green FITC (FluoZin-3) and red TRITC (MitoTracker) colour 

(327). Pearson coefficient value was calculated using Nikon NIS elements software 

for at least 10 FITC images for each treatment group for each cell lines and mean 

values ± SEM were plotted.  

 

4.2.4 Statistical Analysis  

 

Data are presented as means ± SEM unless stated otherwise. Statistical significance 

for single comparisons of normally distributed data was determined by a two-way 

Student’s t test. For sample populations with unequal standard deviations (SD) a t test 

was performed with Welch’s correction. For multiple comparisons one-way ANOVAs 

followed by the Bonferroni correction were performed. For stand-alone comparison 

between two population groups Fishers LSD (least significant difference) test was 

used. A p value <0.05 (*) is considered as borderline significant, p<0.01 (**) 

moderately significant and p<0.001 (***) is strongly significant. All statistical 

analysis was performed in GraphPad Prism.     
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4.3 Results 

 

4.3.1 Total Zinc Content is Unchanged In Prostate Cancer Cells  

 

Since the prostate contains the highest concentration of zinc in the human body but it 

is unclear what happens to zinc in PCa we measured the total zinc content in one 

normal prostate epithelial (PNT1A) and three PCa cell lines (LNCaP, DU145 and 

PC3). Firstly we measured total zinc content (µg/g) by atomic absorption 

spectroscopy (AAS) in single ~500µg pellet for each cell lines as shown in Table 4.1. 

 

Table 4.1 –Total Zinc (µg/g) Content In PNT1A, LNCaP, DU145 and PC3 

Cells As Measured By Atomic Absorption Spectroscopy 

 

Cell Line PNT1A LNCaP DU145 PC3 

Total Zinc 
(µg/g) 99 95 150 88 

 

 

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) accurately detects zinc 

concentration as low as 0.5 ppb and is considered more accurate than AAS (149). 

Total Zn2+ in normal and PC cell lines was measured using this method and Zn2+ 

concentrations (ppb) were 52 ± 8, 79 ± 19, 80 ± 17 and 57 ± 5 for PNT1A, LNCaP, 

DU145 and PC3 cells, respectively (Figure 4.1A). There was no significant difference 

in baseline total Zn2+ concentration between normal and PC cells.  
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Cells were exposed to ZnCl2 10µM for 4 hours to determine zinc uptake between 

normal and PCa cells (Figure 4.1B). As expected zinc exposure increases total zinc 

from baseline in all cell lines, but CRPC cell lines had a significantly higher levels of 

total zinc compared to PNT1A cells. Furthermore, when baseline total zinc is 

controlled for CRPC-like PC3 cells have a significantly higher fold increase of 2.7x 

fold compared to 1.8x fold observed in PNT1A cells (p<0.001).   

 

In vivo total zinc content of PC3 xenograft tumours following regular twice weekly IP 

injection of ZnCl2 10mg/Kg or TPEN 10mg/Kg treatment is no different compared to 

controls (Figure 4.2).      
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Figure 4.1 – CRPC-like cells contain equal total zinc compared to normal 

controls as measured by ICP-MS  

Total zinc concentration (ppb) calculated by Inductively Coupled Plasma 

Mass Spectroscopy (ICP-MS) in untreated PNT1A, LNCaP, DU145 and PC3 

cells cultured in SFM. Panel A demonstrates overall raw Zn concentration ppb 

per cell line and panel B shows fold increase in Zn compared to control for 

each cell line following ZnCl2 10µM demonstrating all cell lines are able to 

uptake zinc and PCa cells (DU145 and PC3) are significant more efficient 

compared to PNT1A cells. Values expressed are mean ± SEM from a total of 

6 samples per cell line per treatment collected from 3 different experimental 

runs.   
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Figure 4.2 – Total Zinc (mg/Kg) in PC3 Xenograft Tumours As Measured 

By ASS 

Total Zinc (mg/Kg) concentration for control (n=5), ZnCl2 10mg/Kg (n=5) 

and TPEN 10mg/Kg (n=5) PC3 xenograft tumours from SCID mice was 

calculated by ASS performed at the National Measurement Institute (Victoria, 

Australia). At the time of harvest each tumour specimen was weighed (Kg) 

and total zinc content (mg) was adjusted for by tumour weight. Values plotted 

are mean ± SEM.  
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4.3.2 The Development of Prostate Cancer Alters Cellular Metal 

Composition  

 
 
Since other trace metal cations, such as iron (Fe2+) are fundamental building blocks in 

human biology and the composition of these trace metals may play a critical role in 

cancer biology, we measured baseline concentration of other divalent and trivalent 

metal cations in 4 prostate cell lines using ICP-MS (Figure 4.3) (361).  

 

Androgen sensitive LNCaP cells have significantly higher basal iron (Fe2+) levels of 

0.44 ± 0.08 µmol/L compared to 0.08 ± 0.01 µmol/L in PNT1A cells (p<0.01) (Figure 

4.3A). Iron levels in CRPC-like DU145 and PC3 cells are relatively unchanged. All 

PCa cell lines have significantly higher copper (Cu2+) compared to normal prostate 

epithelial cells; PC3 and LNCaP Cu2+ levels were 6.1x and 7.1 fold higher than 

PNT1A respectively (Figure 4.3B). Manganese (Mn2+), which is a trace metal 

involved the in formation of bone and enzymes for amino acid, cholesterol and 

carbohydrate metabolism, is 4.2x fold higher in LNCaP compared to PNT1A cells 

(p<0.001) (Figure 4.3D). As shown in Figure 4.3C and E magnesium (Mg2+) and 

aluminium (Al3+) levels are steady across all 4 prostate cell lines. ICP-MS was unable 

to estimate levels of calcium (Ca2+), chromium (Cr2+/3+), nickel (Ni2+), cobalt (Co2+/3+), 

selenium (Se) and rubidium (Rb1+) because they were all below detection limits.   
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Figure 4.3 – Concentration of other divalent and trivalent metals cations 

in normal and prostate cancer cell lines  

Total zinc concentration (µmol/L) of (A) iron (Fe2+), (B) copper (Cu2+), (C) 

magnesium (Mg2+), (D) Manganese (Mn2+) and (E) Aluminium (Al3+) per 5.0 

x 105 cells was estimated using ICP-MS in untreated PNT1A, LNCaP, DU145 

and PC3 cells. Values expressed are mean ± SEM from a total of 6 samples 

per cell line per treatment collected from 3 different experimental runs.  * p< 

0.05, ** p<0.01 and *** p<0.001 versus PNT1A as determined by two-way t-

test.  Iron levels (A) and manganese (D) were significantly increased in 

LNCaP cells. PCa cells (LNCaP, DU145 and PC3) cells have significantly 

higher levels of copper (B).   
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4.3.3 Benign Prostate Epithelial And Malignant Prostate Cancer 

Cells Accumulate Higher Levels Of Zinc Than Non-Prostate 

Cells 

 
 
 
Prostate epithelial cells are unique in their ability to uptake and accumulate zinc but 

studies into zinc uptake in PCa often include prostate only tissue and little evidence 

exists that directly compare prostatic and non-prostatic zinc. We deemed it 

appropriate to compare free zinc accumulation with FluoZin-3 in non-prostatic, 

benign and malignant cells related to the urinary tract. HK2 cells derived from 

proximal tubule kidney cortex and ACHN cells derived from metastatic renal cell 

carcinoma (RCC) were used for this study. Overall prostate cells appear to 

accumulate higher levels of free zinc compared to non-prostatic cells (Figure 4.4). 

Specifically exposure to ZnCl2 10µM for 4 hours increased Zn2+ concentration by 

6.5x and 10.5x fold in HK2 and PNT1A cells respectively (Figure 4.4A). At 24 hours 

exposure Zn2+ fold increase was higher again in PNT1A cells at 5.8x compared to 

3.5x fold. Zinc accumulating ability of prostate epithelial cells is well demonstrated at 

4 hours exposure to high concentration (ZnCl2 50µM) where PNT1A zinc increase is 

52.1x compared to 15.6x in HK2 cells (p<0.05) (Figure 4.4C). However, as 

previously highlighted in chapter 3.3.2, exposure to ZnCl2 >50µM up to 24 hours is 

toxic to prostate cell lines including PNT1A and PC3, but as shown in Figure 4.4C 

and D, non-prostatic HK2 and ACHN cells are also susceptible to excessive zinc. In 

all four cell lines cell viability was severely compromised after 24 hours of ZnCl2 

50µM, with only ACHN cells showing a positive increase in Zn2+ of 3.3x fold but 

considering the visual appearance of these cells prior to analysis (e.g. cytoplasmic 
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swelling, membrane irregularity) the relevance of this value is questionable.  With 

regards to cancerous only cells PC3 cell zinc uptake following ZnCl2 10µM for 4 

hours was 4.0x compared to 2.1x fold in ACHN (p<0.05) (Figure 4.4B). No major 

difference was seen at 24 hours. However, similarly to PNT1A cells, PC3 cells 

rapidly and efficiently increase free Zn2+ by 47.9x fold upon exposure to ZnCl2 50µM 

for 4 hours, which is significantly more than 7.5x fold in non-prostate ACHN cancers 

cells (p<0.05) (Figure 4.4D).   
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Figure 4.4 Free Zn2+ As Measured By FluoZin-3 Fluorescent Probe In 

Prostate Vs. Non-Prostate Benign and Malignant Cells 

Intracellular zinc (Zn2+) concentration following exposure to ZnCl2 10µM and 

50µM for 4 and 24 hours was measured using a specific fluorescent indicator 

for Zn2+, FluoZin-3 in benign (A) (C) HK2 and PNT1A, and carcinogenic (B) 

(D) AHCN and PC3 cells. Triplicate values expressed are mean ± SEM fold 

increases compared basal Zn2+ in untreated controls (Red dotted line). The 

formula: Zn (nM) = Kd x (F-Fmin) / (Fmax-F), was used to calculated zinc 

concentration. * p< 0.05, ** p<0.01 and *** p<0.001 as determined by two-

way t-test. 
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4.3.4 Basal Free Zn2+ Is Higher In CRPC PC3 and DU145 Cells 

 

Zinc is a co-factor in hundreds of enzymes and transcription factors and cells tightly 

regulate a pool of free (or sometimes referred to as rapidly exchangeable) Zn2+, which 

allows a quick and efficient response for delivering zinc to up regulated transcription 

factors. A transformation in this pool of zinc caused by carcinogenesis could 

dramatically alter the enzymatic reactions and protein nuclear transcription, thus 

deviating cell behaviour form the norm. A substantial observation is that CRPC-like 

PC3 and DU145 cells contain significantly higher free Zn2+ compared to PNT1A cells 

(p < 0.01) (Figure 4.5A). Basal free Zn2+ concentration (nM) was 4.5 ± 0.2, 2.8 ± 0.3, 

6.4 ± 0.3 and 6.8 ± 0.5 in PNT1A, LNCaP, DU145 and PC3 cells respectively.  The 

CRPC- like PC3 and DU145 cells contained significantly higher, and the androgen-

sensitive LNCaP cells significantly lower, free Zn2+ compared to PNT1A cells (p < 

0.01)  

 

 

Zinc uptake is rapid in all cell lines (Figure 4.5B); PNT1A, LNCaP, DU145 and PC3 

cells which increase zinc by 5.4x, 4.8x, 6.1x and 5.9x fold respectively after only 1 

hour exposure to ZnCl2 10µM (p>0.05). There was no statistical difference in fold 

increase zinc uptake between cell lines after a short (1 hour) exposure.  
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Figure 4.5 Basal Free Zn2+ Concentration And Zn2+ Uptake In Cancerous 

And Non-Cancerous Prostate Cell lines As Measured By FluoZin-3 

Fluorescent Probe  

Intracellular zinc (Zn2+) concentration was measured in untreated and 1 hour 

ZnCl2 10µM exposed PNT1A, LNCaP, DU145 and PC3 cells using the 

FluoZin-3 probe. The formula: Zn (nM) = Kd x (F-Fmin) / (Fmax-F), was 

used to calculated zinc concentration. Triplicate values plotted are mean ± 

SEM. * p< 0.05, ** p<0.01 and *** p<0.001 as determined by two-way t-test. 
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The PNT1A cell line is comprised of immortalised prostate epithelial cell line with 

high affinity androgen receptors and has been used in PCa research for over 20 years 

(138).  

 

In order to determine if zinc uptake was equal to other normal prostate cell lines, we 

compared these cells to RWPE1 cells, an alternative cell line of human papilloma 

virus-18 (HPV) immortalised prostate cells (139). Figure 4.6 shows there is no 

statistical significant difference in baseline Zn2+ concentration (nM) between these 

cells lines. Intracellular zinc was 4.6 ± 0.3 and 4.0 ± 0.2 nM for PNT1A and RWPE1 

cells respectively (p>0.05). Fold zinc increase was also similar; 5.6x in PNT1A 

compared to 6.2x fold RWPE1 cells (p>0.05). It is important to remember that 

RWPE1 cells are cultured in keratinocyte serum free media (KSFM) supplemented 

with bovine pituitary extract (BPE) and epidermal growth factor (EGF), which has 

been shown to contain around 0.7µM of zinc (157). PNT1A were repeatedly used as 

normal prostate epithelial controls throughout the duration of this study since these 

cells were cultured in zinc-free RMPI media, similarly to other PCa cell lines.  
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Figure 4.6 Free Zn2+ Concentration And Zn2+ Uptake In Two Different 

Prostate Epithelial Cell Lines (PNT1A and RWPE1)  

Intracellular zinc (Zn2+) concentration was measured in untreated and 1 hour 

ZnCl2 10µM exposed PNT1A and RWPE1 cells using the FluoZin-3 probe. 

The formula: Zn (nM) = Kd x (F-Fmin) / (Fmax-F), was used to calculated 

zinc concentration. Triplicate values plotted are mean ± SEM. * p< 0.05, ** 

p<0.01 and *** p<0.001 as determined by two-way t-test. 
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4.3.5 Free Zn2+ Is Dysregulated In PC3 Cells  

 

In order to further decipher free Zn2+ homeostasis in PCa we directly compared zinc 

uptake and free/total zinc ratios between PNT1A and PC3 cells exposure to low and 

high doses of ZnCl2 for 4 and 24 hours. PNT1A cells increase free Zn2+ faster and to a 

higher fold of 10.5x than 4.0x fold in PC3 cells after 4 hours exposure to ZnCl2 10µM 

(p<0.01) (Figure 4.7A). This is in contrast to Figure 4.1, whereby the same exposure 

to zinc results in higher increase in total zinc in PC3 cells.  At 24 hours free Zn2+ 

increase was 5.8x and 2.6x fold in PNT1A and PC3 cells respectively (p<0.05).  

Exposure to a high zinc dose (ZnCl2 50µM) resulted in large fold increases of 53.2x 

and 47.7x in PNT1A and PC3 respectively (p>0.05) (Figure 4.7B). Similarly to our 

experience with HK2 and ACHN cells, longer exposure (24 hours) to ZnCl2 50µM 

severely compromised cell viability and therefore no accurate conclusion can be made 

regarding zinc uptake in these cell lines at this time point.  

 

Figure 4.7C demonstrates the difference in the free/total Zn2+ ratio between PNT1A 

and PC3 cells following the same exposure to zinc.  PNT1A cells have a higher 

free/total zinc ratio of 2.34 following ZnCl2 10µM compared to 1.68 in PC3 cells. 

This suggests a disparity in zinc homeostasis in PCa cells, whereby total zinc levels 

increase to higher levels but free Zn2+ ions are less accessible compared to normal 

prostate epithelial cells.  
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Figure 4.7 Zn2+ Uptake and Free/Total Zinc Ratio In Non-Cancerous 

(PNT1A) and Castrate Resistant Like Prostate Cancer Cells (PC3)  

Intracellular zinc (Zn2+) concentration following exposure to (A) ZnCl2 10µM and (B) 50µM 

for 4 and 24 hours was measured using a specific fluorescent indicator for Zn2+, FluoZin-3 in 

PNT1A and CRPC-like PC3 cells. Triplicate values expressed are mean ± SEM fold increases 

compared basal Zn2+ in untreated controls (Red dotted line). The formula: Zn (nM) = Kd x (F-

Fmin) / (Fmax-F), was used to calculated zinc concentration. Treatment Vs. Control * p<0.05, 

** p<0.01 and *** p<0.001 and PNT1A Vs. PC3 # p<0.05 and ## p<0.01 as determined by 

two-way t-test. Free/Total Zn2+ (F/T-Zn) ratios (C) were calculated for both cells lines 

following exposure to ZnCl2 10µM for 4 hours. The following formula was used to calculate 

each ratio: F/T-Zn = (Σ Free-Zn / Σ Total-Zn). Plotted values are F/T-Zn ratios for zinc 

exposure Vs. F/T-Zn ratio of no-exposure to zinc.   
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4.3.6 FluoZin-3 Zinc Immunofluorescence Staining And Analysis 

Supports Zinc Dyshomeostasis In PC3 Cells 

 

Thus far we have concluded that there is a definite difference in advanced PCa PC3 

cells with regards to zinc uptake and balance between total/free Zn2+ concentration 

compared to our normal PNT1A control cells. This observation is prominent 

following exposures to low dose zinc (10µM) at short exposure times (≤ 4 hours) 

therefore we conducted immunofluoresent staining and analysis using this protocol to 

further understand the intricacies in this relationship. In the normal prostate, the 

primary role of zinc is citrate production via inhibition of mAC which occurs in the 

mitochondria but it also induces BAX formation and cytochrome C production which 

again are centered around the mitochondria (106). For this reason and also that Dhar 

et al (155) suggest that around 30% of cellular zinc is sequestered in the mitochondria, 

we used MitoTracker Red FM a far red-fluorescent mitochondrial dye in combination 

with green FluoZin-3 Zn2+ indictor and blue Hoechst 33342 DNA stain.  

 

As we have previously shown in Figure 4.5, untreated PC3 cells have significantly 

higher free Zn2+ but it is important to characterise the distribution of this Zn2+ within 

subcellular compartments, particularly the mitochondria. Untreated PNT1A cells 

appear to have numerous, distinct small to medium sized Zn2+ pools distributed 

throughout the cell but predominantly central and around the mitochondria (Figure 4.8 

and Figure 4.9). However, untreated PC3 cells appear to have larger, distinct 

intracellular Zn2+ pools, which are located more peripherally (Figure 4.16 and Figure 

4.17). When zinc treatment is introduced the both cell lines appear more yellow which 

occurs rapidly, signifying merging of green and yellow colour and therefore Zn2+ 
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uptake and localisation to the mitochondria (Figure 4.10 and Figure 4.18). The best 

illustration of this is seen PNT1A cells after 30 minutes of zinc in Figure 4.10 

whereby FluoZin-3 green colour (C) almost perfectly matches the cellular distribution 

of mitochondria in red (D) and no distinct zinc pools can be seen in the composite 

image (A). This phenomenon persists up to 2 hours in PNT1A cells, but yellow colour 

persists beyond 4 hours in PC3 cells as shown in Figure 4.21 and in PNT1A cells 

distinct Zn2+ pools reappear similar to the appearance of control cells (Figure 4.13).  

  



CHAPTER 4 – ZINC DYS-HOMEOSTASIS IN PROSTATE CANCER CELLS 
 
 

211 

 

 

Figure 4.8 Immunofluorescence Imaging of Control PNT1A Cells   

Untreated live PNT1A cells were stained with Hoechst, FluoZin-3 and 

MitoTracker fluorescent dyes. Digital images were acquired at 60x (oil 

immersion) magnification using a Nikon DS-Qi 1Mc Camera with 250ms, 

120ms and 35ms exposure times for DAPI, FITC and TRITC channels 

respectively. Composite (A) images were created by merging (B) blue (DAPI), 

(C) green (FITC) and (D) red (TRITC) channels.  Blue is DAPI (nuclear), and 

red is MitoTracker (mitochondrial) staining. Concentrated yellow/green spots 

correspond to zinc bound to FluoZin-3 (green).  
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Figure 4.9 Multilayer Confocal Microscopy Imaging of A Control PNT1A 

Cell 

Representative confocal images to illustrate mitochondrial Zn pools detected 

using FluoZin-3 (green) and MitoTracker (red), respectively, in an untreated 

PNT1A control cell.  Confocal image capture for a typical cell was performed 

using pre-set confocal laser wavelengths 405nm (DAPI), 488nm (FITC) and 

561nm (TRITC) and pinhole size 30µm. Multiple layered images (n=72) per 

cell were acquired at 0.1µm intervals. Nine images representative of 3D 

appearance of cell were selected.  
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Figure 4.10 Immunofluorescence Imaging of PNT1A Cells Exposed to 

Zinc For 30 Minutes  

PNT1A cells were exposed to ZnCl2 10µM for 30 minutes and stained with 

Hoechst, FluoZin-3 and MitoTracker fluorescent dyes. Digital images were 

acquired at 60x (oil immersion) magnification using a Nikon DS-Qi 1Mc 

Camera with 250ms, 120ms and 35ms exposure times for DAPI, FITC and 

TRITC channels respectively. Composite (A) images were created by merging 

(B) blue (DAPI), (C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.11 Immunofluorescence Imaging of PNT1A Cells Exposed to 

Zinc For 1 hour  

PNT1A cells were exposed to ZnCl2 10µM for 1 hour and stained with 

Hoechst, FluoZin-3 and MitoTracker fluorescent dyes. Digital images were 

acquired at 60x (oil immersion) magnification using a Nikon DS-Qi 1Mc 

Camera with 250ms, 120ms and 35ms exposure times for DAPI, FITC and 

TRITC channels respectively. Composite (A) images were created by merging 

(B) blue (DAPI), (C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.12 Immunofluorescence Imaging of PNT1A Cells Exposed to 

Zinc For 2 hours  

PNT1A cells were exposed to ZnCl2 10µM for 2 hours and stained with 

Hoechst, FluoZin-3 and MitoTracker fluorescent dyes. Digital images were 

acquired at 60x (oil immersion) magnification using a Nikon DS-Qi 1Mc 

Camera with 250ms, 120ms and 35ms exposure times for DAPI, FITC and 

TRITC channels respectively. Composite (A) images were created by merging 

(B) blue (DAPI), (C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.13 Immunofluorescence Imaging of PNT1A Cells Exposed to 

Zinc For 4 hours  

PNT1A cells were exposed to ZnCl2 10µM for 4 hours and stained with 

Hoechst, FluoZin-3 and MitoTracker fluorescent dyes. Digital images were 

acquired at 60x (oil immersion) magnification using a Nikon DS-Qi 1Mc 

Camera with 250ms, 120ms and 35ms exposure times for DAPI, FITC and 

TRITC channels respectively. Composite (A) images were created by merging 

(B) blue (DAPI), (C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.14 Multilayer Confocal Microscopy Imaging of A PNT1A Cell 

Following 4 Hour Zinc Treatment  

Representative confocal images to illustrate mitochondrial Zn pools detected 

using FluoZin-3 (green) and MitoTracker (red), respectively, in PNT1A cells 

exposed to 4 hours of ZnCl2 10µM.  Confocal image capture for a typical cell 

was performed using pre-set confocal laser wavelengths 405nm (DAPI), 

488nm (FITC) and 561nm (TRITC) and pinhole size 30µm. Multiple layered 

images (n=98) per cell were acquired at 0.1µm intervals. Nine images 

representative of 3D appearance of cell were selected.  
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Normal prostate epithelial cells are more susceptible to TPEN and has also been 

shown to induce apoptosis in PC3 cells (312). We have observed that TPEN causes 

significant cell death in both PNT1A and PC3 cells lines, but the distribution of Zn2+ 

during this process is not fully understood. Figure 4.15 shows that PNT1A cell size 

rapidly shrinks and Zn2+ pools are rapidly chelated by TPEN. Due to cell shrinkage no 

observation can be drawn about Zn2+ colocalisation to red MitoTracker. In contrast, as 

seen in Figure 4.23 PC3 cells cell structure, size and integrity is less affected than 

PNT1A cells and FluoZin-3 (Figure 4.23C) green colour is still present in small Zn2+ 

pools despite zinc chelation with TPEN. This suggests perhaps a slower effect of 

TPEN on chelation of intracellular zinc in PCa cells, but this is only a subjective 

observation and requires further investigation.    
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Figure 4.15 Immunofluorescence Imaging of PNT1A Cells Exposed to 

TPEN for 1 Hour 

PNT1A cells were exposed to TPEN 25µM for 1 hour and stained with 

Hoechst, FluoZin-3 and MitoTracker fluorescent dyes. Digital images were 

acquired at 60x (oil immersion) magnification using a Nikon DS-Qi 1Mc 

Camera with 250ms, 120ms and 35ms exposure times for DAPI, FITC and 

TRITC channels respectively. Composite (A) images were created by merging 

(B) blue (DAPI), (C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.16 Immunofluorescence Imaging of Control PC3 Cells   

Untreated live PC3 cells were stained with Hoechst, FluoZin-3 and 

MitoTracker fluorescent dyes. Digital images were acquired at 60x (oil 

immersion) magnification using a Nikon DS-Qi 1Mc Camera with 250ms, 

120ms and 35ms exposure times for DAPI, FITC and TRITC channels 

respectively. Composite (A) images were created by merging (B) blue (DAPI), 

(C) green (FITC) and (D) red (TRITC) channels. 
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Figure 4.17 Multilayer Confocal Microscopy Imaging of A Control PC3 

Cell 

Representative confocal images to illustrate mitochondrial Zn pools detected 

using FluoZin-3 (green) and MitoTracker (red), respectively, in an untreated 

PC3 control cell.  Confocal image capture for a typical cell was performed 

using pre-set confocal laser wavelengths 405nm (DAPI), 488nm (FITC) and 

561nm (TRITC) and pinhole size 30µm. Multiple layered images (n=72) per 

cell were acquired at 0.1µm intervals. Nine images representative of 3D 

appearance of cell were selected.  
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Figure 4.18 Immunofluorescence Imaging of PC3 Cells Exposed to Zinc 

For 30 Minutes  

PC3 cells were exposed to ZnCl2 10µM for 30 minutes and stained with 

Hoechst, FluoZin-3 and MitoTracker fluorescent dyes. Digital images were 

acquired at 60x (oil immersion) magnification using a Nikon DS-Qi 1Mc 

Camera with 250ms, 120ms and 35ms exposure times for DAPI, FITC and 

TRITC channels respectively. Composite (A) images were created by merging 

(B) blue (DAPI), (C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.19 Immunofluorescence Imaging of PC3 Cells Exposed to Zinc 

For 1 hour  

PC3 cells were exposed to ZnCl2 10µM for 1 hour and stained with Hoechst, 

FluoZin-3 and MitoTracker fluorescent dyes. Digital images were acquired at 

60x (oil immersion) magnification using a Nikon DS-Qi 1Mc Camera with 

250ms, 120ms and 35ms exposure times for DAPI, FITC and TRITC channels 

respectively. Composite (A) images were created by merging (B) blue (DAPI), 

(C) green (FITC) and (D) red (TRITC) channels.  
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Figure 4.20 Immunofluorescence Imaging of PC3 Cells Exposed to Zinc 

For 2 hours 

PC3 cells were exposed to ZnCl2 10µM for 2 hours and stained with Hoechst, 

FluoZin-3 and MitoTracker fluorescent dyes. Digital images were acquired at 

60x (oil immersion) magnification using a Nikon DS-Qi 1Mc Camera with 

250ms, 120ms and 35ms exposure times for DAPI, FITC and TRITC channels 

respectively. Composite (A) images were created by merging (B) blue (DAPI), 

(C) green (FITC) and (D) red (TRITC) channels. 
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Figure 4.21 Immunofluorescence Imaging of PC3 Cells Exposed to Zinc 

For 4 hours  

PC3 cells were exposed to ZnCl2 10µM for 4 hours and stained with Hoechst, 

FluoZin-3 and MitoTracker fluorescent dyes. Digital images were acquired at 

60x (oil immersion) magnification using a Nikon DS-Qi 1Mc Camera with 

250ms, 120ms and 35ms exposure times for DAPI, FITC and TRITC channels 

respectively. Composite (A) images were created by merging (B) blue (DAPI), 

(C) green (FITC) and (D) red (TRITC) channels. 
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Figure 4.22 Multilayer Confocal Microscopy Imaging of A PC3 Cell 

Following 4-Hour Zinc Treatment  

Representative confocal images to illustrate mitochondrial Zn pools detected 

using FluoZin-3 (green) and MitoTracker (red), respectively, in PC3 cells 

exposed to 4 hours of ZnCl2 10µM.  Confocal image capture for a typical cell 

was performed using pre-set confocal laser wavelengths 405nm (DAPI), 

488nm (FITC) and 561nm (TRITC) and pinhole size 30µm. Multiple layered 

images (n=74) per cell were acquired at 0.1µm intervals. Nine images 

representative of 3D appearance of cell were selected. 
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Figure 4.23 Immunofluorescence Imaging of PC3 Cells Exposed to TPEN 

for 1 Hour 

PC3 cells were exposed to TPEN 25µM for 1 hour and stained with Hoechst, 

FluoZin-3 and MitoTracker fluorescent dyes. Digital images were acquired at 

60x (oil immersion) magnification using a Nikon DS-Qi 1Mc Camera with 

250ms, 120ms and 35ms exposure times for DAPI, FITC and TRITC channels 

respectively. Composite (A) images were created by merging (B) blue (DAPI), 

(C) green (FITC) and (D) red (TRITC) channels.  
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Intensity of FluoZin-3 fluorescent dye colour is a semi-quantitative indicator of free 

Zn2+ available to bind to this probe inside each cell. After subtracting background 

colour and adjusting for area (µm2), FluoZin-3 mean light intensity was significantly 

higher in PNT1A than PC3 cells at baseline and zinc exposure for 1 and 2 hours 

(p<0.001) (Figure 4.24). Although no difference was seen at 30 minutes and at the 

completion of zinc treatment after 4 hours.  
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Figure 4.24 Semi-Quantitative Immunofluorescence FluoZin-3 Light 

Intensity in PNT1A and PC3 Cells  

Mean light intensity for green FITC channel (FluoZin-3) was calculated using 

region of interest (ROI) function over time (h) after exposure to ZnCl2 10µM 

for 4 hours, for at least three random cells per slide and minimum 10 slides for 

each treatment group. Mean light intensity minus background was calculated 

for each treatment group then divided by the area (µm2): FluoZin-3 Light 

intensity = ROI FITC Mean Intensity / ROI area (µm2). Plotted values are 

mean ± SEM. *** p<0.001 as determined by two-way t-test. 

 

Subjective assessment suggests that at 4 hours PC3 cells are localising zinc to the 

mitochondria for a longer duration, indicated by the persistence of yellow colour, 

compared to PNT1A cells (Figure 4.13 and Figure 4.21). To assess overlap between 

green FITC (FluoZin-3) and red TRITC (MitoTracker) colour we utilised the Pearson 
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correlation coefficient (PCC), which is recommended as the gold-standard assessment 

tool to quantify the degree of colocalisation between two fluorophores (327). In 

PNT1A cells colocalisation of Zn2+ to the mitochondria remains constant for the 

duration of treatment as demonstrated in Figure 4.25 with no significant fold change 

in PCC compared to baseline over 4 hours. However, cancerous PC3 cells rapidly 

localise free Zn2+ to the mitochondria as demonstrated by significant fold increases in 

PCC in Figure 4.25 at each time point of the 4 hour Zn2+ exposure.  Scatter plots in 

Figure 4.26, plot green (FITC) and red (TRITC) colour for all pixels on the 

corresponding composite image and in PC3 cells the linear relationship between red 

and green pixel colour persists throughout the duration of zinc treatment. The 

distribution of colour is more divergent in PNT1A cells, particularly at 2 and 4 hours 

of zinc treatment (Figure 4.26), which supports our results that basal free Zn2+, Zn2+ 

uptake and subsequent subcellular distribution of zinc in CRPC-like PCa cells is 

strikingly different to normal prostate epithelial cells.  
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Figure 4.25 Pearson Correlation Coefficient Between Green FluoZin-3 

and Red MitoTracker Fluorescent Probes In Zinc Treated PNT1A and 

PC3 Cells  

Colocalisation of Zn2+ to mitochondria was estimated using Pearson 

coefficient for correlation between green FITC (FluoZin-3) and red TRITC 

(MitoTracker) colour (327). X-axis represents time (h) after exposure to ZnCl2 

10µM up to 4 hours. Pearson coefficient value was calculated using Nikon 

NIS elements software for at least 10 FITC images for each treatment group 

for each cell lines and mean fold change in PCC values ± SEM were plotted. 

PNT1A Vs. PC3 *** p<0.001 as determined by two-way t-test. 
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Figure 4.26 Immunofluoresent Microscopy With Corresponding Scatter 

Plot Demonstrating Colocalisation of Zinc To Mitochondria 

Composite images (left) for both PNT1A and PC3 cells, untreated and treated 

with ZnCl2 10µM for 30 minutes, 1, 2 and 4 hours were created by merging 

blue (DAPI), green (FITC) and red (TRITC) channels. Scatter plots (right) 

demonstrate the linear relationship and correlation between green FITC (y-
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axis) and red TRITC (x-axis) colour intensity for each pixel in corresponding 

composite image.  
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4.4 Discussion  

 

In human biological systems essential metals, including zinc, are tightly regulated. 

Zinc is crucial for protein structure, gene transcription, over 300 enzymes and cellular 

signalling and thus it is a requirement that a portion of Zn2+ ions be readily 

exchangeable. Intracellular concentrations of total zinc in mammalian cells ranges 

from 100 to 500µM and are therefore considered generally rich in zinc. The majority 

of Zn2+ is tightly bound, considered inactive, and the amount of free Zn2+, considered 

biologically active, exists in micromolar to picomolar concentrations (9). It is 

therefore experimentally quite challenging to distinguish protein bound zinc from free 

(or exchangeable) zinc.  Total zinc can be measured by inductively coupled plasma 

mass spectroscopy (ICP-MS) or atomic absorption spectroscopy (AAS). ICP-MS is 

considered superior to AAS in that accurately detects zinc concentration as low as 0.5 

ppb (149). The recent development of fluorescent Zn2+ ion specific probes, such as 

the FluoZin, Zinpyr, Zinspy and ZnAF families, has made quantifying free Zn2+ 

achievable via fluorescence microscopy/spectroscopy (173). Quantifying free (or 

exchangeable) Zn2+ is one major advantage of fluorescent Zn2+ probes over older 

techniques such as ICP-MS and AAS, but also they can be used in live biological cells 

and allow analyses on a subcellular level.  This section will review and discuss our 

results in section 4.3 whereby multiple zinc measuring techniques were employed to 

measure zinc levels, both total and free, in PCa and the implications of which in 

understanding zinc homeostasis in PCa.    

 

There are many conflicting views regarding zinc levels in PCa but long-standing 

notion is that total zinc levels are decreased in PCa (151).  We used two methods 
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(AAS and ICP-MS) to measure total zinc in 4 prostate cells lines and zinc treated PC3 

xenografts (Table 4.1, Figure 4.1 and Figure 4.2).  Our AAS results suggest total zinc 

levels in PNT1A, LNCaP and PC3 cells are relatively similar (ranging from 88 - 

99µg/mL). DU145 cells have higher total zinc by AAS at 150µg/mL. However, this 

data is very limited and no statistical analysis could be performed, primarily due to 

the challenging nature of collecting sufficient samples for analysis (i.e. >500µg of 

cells equating to >1.0 x 108 cells required per cell line). It has been shown by AAS 

that zinc decreases in PCa tissue but this evidence is over 25 years old, and is 

therefore less applicable to the current understanding and pathophysiology pattern of 

PCa (362). One result that has that been cited multiple times was first published by 

Costello et al in 1998 (105) is that LNCaP cells have higher endogenous zinc levels 

(630ng/mg protein) compared with PC3 cells (190ng/mg protein). The validity of this 

result is questionable particularly as the author state in the original article that this 

result is from “preliminary studies and unpublished observations”.   

 

Using ICP-MS, which is considered more accurate, we saw no difference in total zinc 

level between cell lines in untreated cells (p>0.05). Published literature 

simultaneously comparing total zinc measured by ICP-MS in multiple non-prostate 

and PCa cell lines is limited, which makes our study unique. Qin et al (176) saw a 

significant reduction in total zinc in LNCaP cells compared to normal epithelial 

RWPE1 cells. However, the authors recognise the large variability in ICP-MS zinc 

results for RWPE1 cells but also it is important to remember that these cells were 

cultured in KSFM supplemented with BPE and EGF, which as previously highlighted 

in section 4.3.4 contains around 0.7µM of zinc (157). Our study compares total zinc 

levels by ICP-MS in four prostate cell lines (PNT1A, LNCaP, DU145 and PC3) all 
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cultured in the same type of media (RPMI) and all experiments conducted in RPMI 

SFM, which contains no detectable zinc (158). Sample variability in our analysis was 

also small, for example PNT1A and PC3 mean total zinc ± SEM (µmol/L) was 0.4 ± 

0.06 and 0.44 ± 0.04 respectively.  

 

Only one other study examining zinc levels in vitro measured by ICP-MS in a PCa 

cell line (DU145) was published by Bartel et al (363). The study concludes zinc was 

suppressed in DU145 cells, but this was in comparison to prostate tissue harvested 

from male Wilstar rats not another control cell line such as PNT1A or RWPE1. No 

statistical analysis or information regarding number of samples included leading to 

their conclusion was provided.   Furthermore, their method for analysing samples was 

size-exclusion chromatography coupled to inductively coupled plasma mass 

spectrometry (SEC-ICP/MS) which is only a measure of cytosolic contents therefore 

not a true measure of total zinc and zinc bound to nucleic acids is excluded from 

analysis.  Neslund-Dudas et al (364) suggest long-term smoking alters metal 

composition in normal prostate tissue but also in this subset of PCa patient’s who 

developed distant recurrence of PCa had a significantly higher level of zinc in non-

PCa and PCa tumour tissue. ICP-MS quantification of metals in RP specimens from 

patients with PSA recurrence by Sarafanov et al (365) suggests that BCR could be 

associated with a decrease in zinc and iron levels up to 21% and 12% respectively. 

The same group demonstrated that formalin-fixed paraffin-embedding processing of 

tissue can reduce zinc levels up to >80% compared to fresh tissue (366).  

 

X-ray fluorescence (XRF) is a method developed in the 1970s, which can also be used 

to measure zinc in tissues and micro-specimens (367).  This method used to analyse 
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prostate tissue, normal BPH and PCa, appears to consistently show total levels 

decrease in PCa (367). Cortesi et al (368) evaluated zinc levels by XRF in 8,323 non-

PCa prostate tissue and 669 PCa tissue specimens acquired from TRUS biopsy from 

203 non-PCa and 69 PCa patients. They concluded that lower zinc concentration was 

associated with high-grade PCa (Gleason grade 8-9) when comparing overall 

population of non-PCa versus PCa patients and also within the subgroup of PCa 

patients in non-PCa versus PCa tissue specimens.  

 

As seen in Figure 4.1 zinc exposure increases total zinc from baseline in all cell lines, 

but in particular all three PCa cell lines had a significantly higher levels of total zinc 

compared to PNT1A cells (p<0.05). Controlling for baseline zinc levels, CRPC-like 

PC3 cells have a significantly higher fold increase of 2.7x fold compared to 1.8x fold 

observed in PNT1A cells after 4 hours of zinc exposure (p<0.001).  This proves that 

PC3 cells are still able to load zinc, which in unsurprising considering LNCaP, 

DU145 and PC3 cells all express ZIP1 protein, the primary zinc importer (30, 157, 

160). However, expression of both ZIP1 and ZIP2 transporters is reduced in prostate 

tumours in mice (161) and post-radical prostatectomy (RP) PCa tissue (160) 

suggesting that the possible down regulation of ZIP1 gene occurs as a malignant 

process in situ. This is yet to be fully discovered. To our knowledge this is the only in 

vitro study demonstrating a significant total zinc uptake in PC3 cells measured by 

ICP-MS compared to control prostate epithelial cells.  

 

We also measured the presence of other divalent and trivalent cations in these 4 cell 

lines using ICP-MS (Figure 4.3). Copper (Cu2+) is only critical to a few enzymes 

compared to zinc but importantly Cu2+ is a potent pro-oxidant and excess causes the 
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generation of cytotoxic ROS in cells (26, 369). Induction of ROS by increasing 

cellular copper levels, via Cu2+-ionophores, has been shown to have anti-cancer 

effects in breast cancer and melanoma (370, 371).  Recently both in vitro and in vivo 

studies have shown an increase in requirement for Cu2+ by PCa cells, but also 

conversely Cu2+-ionophore treatment induced toxic ROS generation in TRAMP 

mouse PCa cells but not in normal mouse prostate epithelial cells (PrECs) (369). This 

suggests that disruption of Cu2+ homeostasis in PCa cells is a potential avenue for 

targeted cancer therapy (372-374). Our results are consistent with published literature 

in that PCa cells contain more Cu2+. We found increased basal levels of Cu2+ in all 

three PCa cell lines, in particular PC3 and LNCaP Cu2+ levels were 6.1x and 7.1 fold 

higher than PNT1A respectively (p<0.01) (Figure 4.3B).   

 

In the previous chapter (Section 3.3.5) we illustrated how iron (Fe2+) can stimulate 

CRPC cell proliferation but this metal also has been implicated in cancer progression 

via production of highly reactive hydroxyl radicals (366).  In our analysis, only 

LNCaP cells has significantly elevated Fe2+ levels (Figure 4.3A) (p<0.01). Other 

studies have shown no difference in Fe2+ levels in PCa tissue compared to BPH, but 

interestingly that PCa is associated with significantly lower Zn/Fe ratio (361).  

Elevated serum Fe2+ is not associated with increased risk of PCa (375). The 

implications of PCa cell metal inequalities, such as elevated Fe2+ without reciprocal 

Zn2+ increase in PCa cells could result in imbalance between excessive ROS 

generation and anti-oxidative defense and thus possibly initiate and promote prostate 

carcinogenesis by oxidative DNA damage (361). No significant difference in 

magnesium (Mg2+) and aluminum (Al3+) levels exists between PNT1A, LNCaP, 

DU145 and PC3 cells (Figure 4.3C and E). Aluminum does have a potentially 
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genotoxic profile to humans, but only in extreme doses and this metal has not been 

directed implicated in PCa (376).  

 

There are numerous cell permeable fluorescent Zn2+ probes available for measuring 

free Zn2+, however FluoZin-3 maintains the lowest dissociation constant (Kd) of 

~15nM and is therefore ideal for detecting extremely low intracellular free Zn2+ levels 

and discrete concentration changes (377, 378). There is some concern that Ca2+ or 

Mg2+ can interfere with the accuracy of Zn2+
 quantification by FluoZin-3 but Zhao et 

al (358) assure that Ca2+ concentrations as high as 10 mM and Mg2+ 2mM does not 

interfere with FluoZin-3 from detecting Zn2+ as low as 1 nM.  Therefore we selected 

FluoZin-3 as the most appropriate and accurate fluorescent Zn2+ probe available to 

study free Zn2+ homeostasis and uptake in PCa cells.  

 

Prostate epithelial cells are unique in their ability to uptake and accumulate zinc, 

which we demonstrated between PNT1A and HK2 cells in Figure 4.4A and C, but this 

ability is retained in cancerous prostate cells as was seen with increased zinc uptake in 

PC3 over ACHN kidney cancer cells (Figure 4.4).  Studies regarding free Zn2+ with 

probes such as FluoZin-3 are often focussed on prostate cells alone and we were 

unable to find any articles specifically addressing zinc uptake in HK2 or ACHN cells. 

Measuring cytosolic Zn2+ is recongised as challenging because of low nanomolar or 

picomolar concentrations sometimes below detection limits of probes and so non-

prostatic studies are often conducted in cells known to be rich in free or loosely bound 

Zn2+ such as pancreatic islet or neuronal cells (378-381).    

 

Determining free Zn2+ concentration under steady state conditions and under 
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conditions of induced fluxes is considered critical to understand Zn2+ ion signalling 

and also if zinc homeostatic mechanisms are potentially overwhelmed, leading to an 

excess or deficiency in Zn2+ ions affecting protein structure and pathophysiology 

(173).  We therefore measured resting free Zn2+ concentration, as well rises in free 

Zn2+ induced by ZnCl2 exposure in prostate epithelial (PNT1A and RWPE1) and PCa 

(LNCaP, DU145 and PC3) cells.  Our results suggest that zinc homeostatic 

mechanisms in CRPC are dysfunctional or a state of zinc dyshomeostasis exists, 

because under parallel resting conditions PC3 and DU145 cells contain significantly 

higher free Zn2+ compared to PNT1A cells (p<0.01) (Figure 4.5). Only two other 

published articles are similar enough to which our results can be compared. In 

untreated cells Masarik et al (106) also revealed that PC3 cells have a 2.3x fold higher 

free Zn2+, but also 2.1x fold lower bound cellular zinc compared to PNT1A cells. Qin 

et al (176) also concluded that cytosolic free Zn2+ is higher in PCa cells. Despite some 

of the differences in this study such as the Zn2+ probe used was different (ZapCY2), 

cell lines compared were RWPE1 and LNCaP (Zn2+: 60 pM Vs. 270 pM respectively) 

and we observed significantly lower free Zn2+ in LNCaPs, this does support our 

theory of a state of zinc dyshomeostasis in PCa.  One issue with published evidence is 

the lack of homogeneity between studies; resulting from variables such as different 

probes and cell types, which lead to a wide range (5 to 1000 pM) and often ambiguity 

with regards to the normal level of available Zn2+ in cells (176). Therefore each cell 

type (e.g. PC3) should be considered with regards to their respective family (i.e. 

prostate cell line derivatives) and is the rationale why we simultaneously performed 

free Zn2+ analysis with FluoZin-3 on a spectrum of prostate cancer cell lines.   
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Evidence that zinc is dysregulated in PCa and specifically a CRPC-like in vitro model 

is supported by the difference in zinc uptake between PNT1A and PC3 cells shown in 

Figure 4.7. High doses of zinc (50µM) result in large fold free Zn2+ increases >45x 

fold in both cell lines, which by 24 hours often results in cell death. This observation 

together with our results in section 3.3.2, indicates that intracellular buffering 

mechanisms in both normal and cancerous prostate cells are overwhelmed by 

exogenous zinc above a certain threshold (Figure 3.2), resulting in significant zinc 

uptake and uncontrolled accumulation of Zn2+ which is ultimately toxic to cells.  

Therefore, in order to appreciate the subtle differences in zinc homeostasis between 

PNT1A and PC3 cells results obtained with lower doses, such as 10µM, should be 

carefully analysed. One of the primary aims of this study was to adequately challenge 

zinc homeostatic mechanisms with the ‘Goldilocks’ of zinc doses so to speak, not too 

low so ineffective or too high so too toxic but a well tolerated dose adequate enough 

to provoke an effect in the cells under instigation. Also, considering physiological 

relevant zinc ranges between 0.5 to 1.5µg/mL, equating to ~3.7µM to 9.3µM of ZnCl2, 

most of our in vitro studies which are conducted ZnCl2 10µM can be considered as 

clinically translational models from which reliable conclusions can be drawn (175, 

203). Further supporting evidence that a state of zinc dyshomeostasis exists in a 

CRPC-like model, the free/total zinc ratio in PC3 cells is lower (1.68) than PNT1A 

cells (2.34) following the same exposure to zinc. Masarik et al (106) reinforce this 

imbalance between total/free Zn2+ between PNT1A and PC3 cells.  

 

Cellular zinc homeostasis is a complex multi-factorial mechanism and is still poorly 

understood in PCa. According to Maret et al (173) intracellular free metal ion 

concentrations can theoretically be determined by two factors: 1) metal buffering and 
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2) metal buffering capacity. For instance metal buffering refers to the cellular 

homeostatic mechanisms, which equilibrate metal levels to a particular value, 

similarly to a pH value in acid/base buffering. For illustrative purposes for zinc we 

shall refer to this as pZn. The metal buffering capacity refers to how resistant the pZn 

is to changing. Therefore, typically low free Zn2+ concentrations are controlled by 

ligands with high affinity for zinc and low pZn and buffering capacity is controlled by 

high affinity ligands that are not bound to zinc, in that they themselves are free and 

ready to bind to excess free Zn2+ (63). Hence in a normal cell, highly effective 

buffering agents regulate free Zn2+ levels at low concentrations because pZn remains 

constant. Free (or loosely bound Zn2+) occurs when either the buffering capacity is 

exhausted, such as lack of available highly effective buffers (i.e. high affinity Zn 

ligands), or if zinc buffering occurs in a different regime of pZn with less effective 

buffer (e.g. low affinity Zn ligands) in another compartment).   

 

Dysregulation of intracellular zinc in PCa is likely to be result of multiple ZIP, ZnT 

and MT expression alterations. For instance the suppression of zinc importers, such as 

ZIP1 which has been reported on numerous occasions may exist alongside up 

regulation of zinc exporters, such as ZnT-4 which is associated with CRPC (158). 

Metallothionein protein expression is a key area for investigation. Especially since 

isoforms such as MT-1E and MT-1A are completely undetectable in some PCa cell 

lines but MT3 can be overexpressed in PCa (189) (106). PC3 and LNCaP PCa cells 

respond to zinc treatment by expressing MT isoforms, such as MT-1A, which does 

not occur in PNT1A cells (106, 167). Thus cancer cells may have adapted alternative 

zinc homeostatic mechanisms, which ultimately will result in under or over 

availability of Zn2+ within the cell altering biology and behaviour. The mechanisms 
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responsible for the progression of PCa cells to an aggressive phenotype and CRPC 

could related to changes in expression of zinc transporters and buffers, in particular 

MTs, but this is an extremely complex area of research which needs further 

investigation.  

 

Zinc specific fluorescent probes, such as FluoZin-3, allow tracking of free Zn2+ in the 

subcellular environment in fixed or even live cells via immunofluoresent microscopy.    

In a cell ~30% of zinc sequesters around mitochondria and also the primary role of 

zinc in the normal prostate is citrate production via inhibition of mAC but also BAX 

formation and cytochrome C production, all of which occur in the mitochondria (106) 

(155).  

 

We observed a striking change in colour, from separate Zn2+-green (FITC) and 

mitochondria-red (TRITC) to a merged yellow, following zinc treatment in both 

PNT1A and PC3 cells suggesting rapid colocalisation of Zn2+ to this organelle (Figure 

4.10 and Figure 4.18). This was also supported by Pearson correlation coefficients 

(>0.97) for both cell lines (p>0.05), until a deviation of behaviour at 4 hours with 

PNT1A cells quickly returning to normal (PCC: 0.87 ± 0.01) but cancerous PC3 cells 

continuing to localise Zn2+ to the mitochondria (PCC: 0.96 ± 0.01).  As previously 

discussed PC3 appear to have a state of zinc dyshomeostasis under resting conditions, 

but are able load Zn2+ sufficiently but it appears the subcellular distribution of Zn2+ is 

also altered in these CRPC-like cells. One possible consequence of this could be 

inhibition of the TCA cycle, via increased mAC inhibition, leading to slower growth 

as observed previously in section 3.3.4. This in turn could be contributing to PC3 

resistance, since various studies have shown that low proliferation cancer cell lines, 
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tumour models and human cancers, are largely in the G0/G1 cell phase in which 

cytotoxic chemotherapy is ineffective (341-343). 

 

Two quantitative measures of colocalisation exist: Mandler’s overlap coefficient 

(MOC) and the Pearson correlation coefficient (PCC).  MOC is generally not 

recommended for measuring colocalisation and therefore PCC is recommended as the 

gold-standard assessment tool and hence is used in this study (327). No other 

published articles have specifically addressed and compared the colocalisation of Zn2+ 

in these two cell lines. The closest study by Masarik et al (106) used a fluorescent 

Zn2+ probe alone and described free Zn2+ in PC3 cells treated with 100µM with zinc 

localising around nuclei, in nuclei and in the inner part of cytoplasm in the form of 

‘spots’, which were not seen in PNT1A cells. In contrast to our results Chyan et al 

(178) did not observe an increase in fluorescence mitochondrial zinc in PC3 cells, 

using a modified probe Zinpyr-1 (DA-ZP1-TPP), after incubation with Zn 15µM for 3 

hours. This discrepancy could be because their modified Zn2+-mitochondrial probe, 

DA-ZP1-TPP, had a lower correlation (r = 0.32) with MitoTracker Red in PC3 cells, 

compared to RWPE1 and RWPE2 cells with which the probe was designed, hence 

they did not observe mitochondrial zinc increase in PC3 cells. Also, the Zinpyr-1 

(ZP1) Zn2+ probe is extremely pH-sensitive, which severely diminishes its ability to 

bind to Zn2+ ions, such as in acidic conditions similar to those encountered in 

endosomes or lysosomes (382). However, the high affinity dye used in our study 

(FluoZin-3) has one of the largest fluorescence responses of all probes and 

performance unperturbed by changes in pH  

(378). By process of exclusion we can assume that labile Zn2+ pools observed in 

PNT1A and PC3 cells untreated with zinc are unlikely to be related to the 
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endoplasmic reticulum (ER), since in mammary epithelial cells stained with FluoZin-

3 and ER-Tracker these Zn2+ pools do not exist within the ER but are associated with 

a distinct compartment proximal to the ER (383). Also, since prostatic fluid contains 

high amounts of zinc, Zn2+ ions could exist in cellular vesicles in high concentrations 

in prostate cells since they are required for release in seminal fluid (173).  

 

TPEN rapidly shrinks PNT1A cell size and chelates Zn2+ pools but in PC3 cells cell 

structure, size and integrity is less affected and FluoZin-3 is still present in small Zn2+ 

pools despite zinc chelation with TPEN.  Due to cell shrinkage no conclusions can be 

made regarding Zn2+ colocalisation, because MitoTracker red does not truly represent 

the mitochondria in these cells following TPEN. TPEN binds other metals ions and 

removes as much as 30% of protein-bound Zn2+ but TPEN does not necessarily quench 

all the fluorescence from FluoZin-3-Zn2+ complexes (384). The detrimental effect of 

TPEN on the viability of PCa cells (PC3 and C4-2) has been shown to be Zn 

dependent, since FluoZin-3 fluorescence significantly reduces in TPEN treated cells 

but also the effects of TPEN can be successfully reversed with Zn2+ (311).   

 

We acknowledge a handful of limitations exist regarding our immunofluorescence 

analysis. Firstly, both intensity and correlation data, including Pearson correlation 

coefficient is considered semi-quantitative. However, having utilised a reliable 

mitochondrial fluorescent probe (MitoTracker Red FM) and a robust methodology 

whereby ≥ 3 cells per slide and ≥ 10 slides per treatment group per cell line were 

analysed using the same camera parameters, we feel an accurate representation was 

made for a technique which is often plagued by being subjective (385). Fluorescent 

probes exist for almost all other intracellular organelles but this study is limited to 

only one but they are potential tools, such as LysoTracker in particular for prostate 
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cells, for further investigation of subcellular Zn2+ distribution in PCa in the future 

(386, 387).  Uncontrolled exposure time of any sample to excessive light, impacting 

on fluorescence intensity is always a limitation with this technique but all necessary 

precautions were taken to minimise this potential contamination. We did observe a 

small amount of MitoTracker Red bleaching in some PC3 cells, but overtly bleached 

samples were excluded from analysis and MitoTracker concentration was optimised 

to 50nM after preliminary studies using 10nM, 50nM and 100nM.  A persistent 

limitation of all fluorescein-based probes is their unpredictability with respect to 

plasma membrane permeability and subcellular localisation, as small changes in 

chemical structure can have dramatic effects on sensor permeability and localisation 

(178). The short duration of zinc treatment (4 hours) is predominantly because other 

reciprocal FluoZin-3 assays were performed up until this time period, in addition zinc 

pre-conditioning which is considered in chapter 5 was limited to 4 hours. Also, in 

TPEN treated cells, we did not reintroduce Zn2+ to see if TPEN effects could be 

reverse as was shown by Gmeiner et al (311).  
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4.5 Conclusion  

 

There is no significant difference in baseline total zinc concentration between cell 

lines normal prostate epithelial (PNT1A), androgen sensitive (LNCaP) and CRPC 

(DU145 and PC3 cells).  However, CRPC-like PC3 and DU145 cells contain 

significantly higher free Zn2+. Metal composition in PCa is globally affected with 

androgen sensitive LNCaP cells having significantly higher basal iron (Fe2+) 

compared normal controls and all PCa cell lines exhibiting higher levels of copper 

(Cu2+). Free Zn2+ is less regulated in PC3 cells and a state of zinc dyshomeostasis 

exists in advanced PCa. Free/total zinc ratio in PC3 cells is lower than PNT1A cells. 

Both normal and CRPC cells rapidly colocalise Zn2+ into the mitochondria but PC3 

cells appear to direct Zn2+ towards the mitochondria for longer than controls. 

Subcellular distribution of Zn2+ in PC3 cells is unlike that seen in normal prostate 

epithelial cells.   
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5.1 Introduction 

 

Docetaxel (plus prednisolone) is the mainstay chemotherapeutic option for the 

treatment of CRPC recurrence post-ADT, but although this has been shown to have 

some survival benefit clinical outcomes are generally poor (95-97). A few recognised 

resistance mechanisms to chemotherapy and radiotherapy used by CRPC have been 

established (247), however these mechanisms are not entirely understood. One area of 

concern is the development of resistance to oxidative stress in CRPC cells, which has 

been highlighted by increasing resistance of CRPC cells to oxidative damage inducing 

agents in vitro (252, 253). Zinc has been implied in the resistance of PCa cells to 

docetaxel and also shown to increase resistance to cisplatin chemotherapy and 

radiotherapy (185). Zinc could be implicated in one or more of these survival 

pathways 

 

Hypoxia-inducible factor 1α (HIF1α) is a transcriptional factor that encodes more 

than 200 genes for cell survival, can ultimately protect against oxidative stress injury, 

androgen deprivation, chemotherapeutic and radiation cytotoxicity (288, 289). 

Published studies suggest HIF1α could be a prognostic marker in PCa and has been 

shown to be associated with poor prognosis, resistance to treatment and development 

of metastatic disease (271-273). HIF1α has also been linked to the expression of 

multidrug-resistance genes (MDR1) and linked to pathways of tumour resistance in 

PCa (296, 297). HIF1α is overexpressed in prostate cancer tissue (274). The cause 

over-expression in PCa still remains a mystery. Some evidence suggests HIF1α could 
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be linked with zinc but currently evidence is conflicting and no convincing body of 

evidence exists supporting this association.  

 

The specific aims of this chapter is to identify pathways of cellular resistance and 

survival in which Zn2+ is could be involved and to investigate if there is an association 

between Zn2+ and HIF1α expression in PCa.  
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5.2 Materials and Methods 

 

5.2.1 Mammalian Prostate Cell Lines  

 

The normal prostate epithelial cell line PNT1A (passage = 57) and three human PC 

cell lines (PC3, DU145 and LNCaP) used in these experiments were acquired from 

sources as specified in section 2.1.4. All cell lines were cultured in RPMI 1640 

medium and were supplemented with 8% FBS, 1X HEPES and 100 U/mL 

penicillin/streptocmycin and maintained in a humidifying incubator with 5% CO2. 

Cells were washed with 1X PBS and trypsinised with 2.0ml of 0.25% trypsin-EDTA 

solution. Cells were collected into a centrifuge tube and pelleted at 1000 × g at 4°C 

for 3 minutes. The supernatant was discarded and the cell pellet was suspended into 

fresh medium and dispensed into the culture flask. Cell concentration was determined 

with a micro-haemocytometer and suspended in serum media to the desired cellular 

concentration for experiments.  

 

5.2.1.1 HIF1α-Knock-Down PC3 Cells 

 

Stable HIF1α knock down in PC3 cells (HIF1α – KD) was accomplished successfully 

by my colleague Dr Weranja Ranasinghe (262). This was achieved by transfection of 

HIF1α shRNA in PC3 cells were using the NeonH transfection method (Invitrogen). 

The transfected cells were seeded in complete medium and selected with 1.0 mg/ ml 

puromycin (Sigma-Aldrich) for 7 days before further assays. Knockdown of the 
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HIF1α protein was demonstrated by Western blotting, and by measurement of its 

downstream product, vascular endothelial growth factor (VEGF), by enzyme-linked 

immunosorbent assay (ELISA). All cells were maintained at 37°C in a humidified 

incubator with 95% air and 5% CO2. These cells were stored long-term in liquid 

nitrogen. Upon thawing these cells were cultured in the same conditions as specified 

above in section 5.2.1.     

 

5.2.2 MTT Cell Survival Assay  

 

Cell survival following exposure to oxidative stress (H2O2), preceded by either no 

treatment (section 5.2.2.1), ZnCl2  (section 5.2.2.2) or TPEN (section 5.2.2.3) pre-

conditioning treatment for 4 hours was measured using MTT assay. Specific 

experimental protocols for each treatment regime are outlined below. Standard MTT 

protocol following treatment and oxidative stress exposure consisted of 10µL of 

5mg/mL of MTT solution, which was added per well and incubated for 1 to 2 hours 

until colour developed. All media was then discarded and 100 to 200µL of 

isopropanol was added per well. Plates were put onto a shaker for 5 to 10 minutes. A 

volume of 100µL of each sample was transferred to a clear 96-well plate and 

absorbance measured using FLUOstar Optima Microplate Reader (BMG Labtech).  
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5.2.2.1 Hydrogen Peroxide (H2O2) Dose Response  

 

PNT1A, PC3 wild type (PC3-WT) and PC3-HIF1α knock-down (HIF1α-KD) cells 

were cultured and trypsinised as described above and diluted to reach a desired 

concentration of 1.25 x 105 cells / mL. A volume of 1000µL per well of cell 

suspension in serum media  (1.25 x 105 cells) was inserted into clear 12-well plates. 

Cells were incubated at 37˚C overnight. On day 1 serum media was discarded and 

replaced with 1000µL SFM containing hydrogen peroxide (H2O2) at doses 25µM, 

50µM, 75µM and 100µM and incubated for 24 hours at 37˚C. On day 2, MTT 

solution was added and absorbance measured as specified above in section 5.2.2.  

 

5.2.2.2 Zinc Pre-Conditioning Oxidative Stress Survival Assay 

 

PNT1A, PC3 wild type (PC3-WT) and PC3-HIF1α knock-down (HIF1α-KD) cells 

were cultured and trypsinised as described above and diluted to reach a desired 

concentration of 1.25 x 105 cells / mL. A volume of 1000µL per well of cell 

suspension in serum media  (1.25 x 105 cells) was inserted into clear 12-well plates. 

Cells were incubated at 37˚C overnight. On day 1 serum media was discarded and 

replaced with 1000µL SFM containing zinc (ZnCl2 0.1µM, 1.0µM, 10µM, 15µM, 

25µM and 50µM) pre-conditioning treatments were added to each well and then 

incubated at 37˚C for 4 hours. Treatment SFM was discarded and replaced with 

1000µL of fresh SFM containing H2O2 75µM cells were incubated for 24 hours at 

37˚C. On day 2, MTT solution was added and absorbance measured as specified 

above in section 5.2.2. 
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5.2.2.3 TPEN Pre-Conditioning Oxidative Stress Survival Assay  

 

 

PNT1A, PC3 wild type (PC3-WT) and PC3-HIF1α knock-down (HIF1α-KD) cells 

were cultured and trypsinised as described above and diluted to reach a desired 

concentration of 1.25 x 105 cells / mL. A volume of 1000µL per well of cell 

suspension in serum media  (1.25 x 105 cells) was inserted into clear 12-well plates. 

Cells were incubated at 37˚C overnight. On day 1 serum media was discarded and 

replaced with 1000µL SFM containing zinc (ZnCl2 0.1µM, 1.0µM, 10µM, 15µM, 

25µM and 50µM) pre-conditioning treatments were added to each well and then 

incubated at 37˚C for 4 hours. Treatment SFM was discarded and replaced with 

1000µL of fresh SFM containing H2O2 75µM cells were incubated for 24 hours at 

37˚C. On day 2, MTT solution was added and absorbance measured as specified 

above in section 5.2.2. 

 

5.2.3  Western Blot Protein Analysis  

 

A standard Western blot (WB) protein expression protocol was used to measure 

protein expression following each experimental regime: untreated cells (section 

5.2.3.1), dose and time dependent ZnCl2 exposure (section 5.2.3.2), zinc pre-

conditioning (section 5.2.3.5) and iron (AFC) alone or iron/zinc combination 

treatment (section 5.2.3.6).  

In the standard WB protocol cells were initially washed once with ice-cold phosphate-
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buffered saline (PBS) and lysed with 200µL pre-boiled sodium dodecyl sulphate 

(SDS) lysis buffer. Proteins were separated by SDS-polyacrylamide gel 

electrophoresis using running buffer with an electricity of 90 volts (V) for 20 minutes 

then 120V and 400mA for 60 – 150 minutes.  The proteins were then transferred onto 

a Hybond-C Extra nitrocellulose membrane (GE Healthcare, Rydalmere, Australia) 

using cold transfer buffer with an electricity of 100V and 400 mA for 1 hour. The 

membranes were then divided accordingly. Blocking was performed with 5% 

skimmed milk on a shaker for 30 - 60 minutes at room temperature. Membranes were 

then washed in TBST 3 x 10 minutes. Primary antibody (at recommended dilution) 

was added in 1% BSA and left on a shaker at 4˚C overnight. On day 2 the relevant 

secondary antibody (anti-mouse or anti-rabbit) was added in 5% skimmed milk for 60 

minutes at room temperature. Membranes were then washed in TBST 3 x 10 minutes. 

As a loading control, blots were incubated with a horseradish peroxidase-conjugated 

rabbit anti-GAPDH antibody (1:10000) (Santa Cruz Biotechnology, Santa Cruz, CA). 

Bands were visualized in a LAS 3000 Image Reader (Fujifilm, Brookvale, Australia), 

with an ECL Advance Western Blotting Detection Kit (GE Healthcare). Densiometric 

analysis of the protein bands was performed with MultiGauge software (Fujifilm). 

 

5.2.3.1 Basal HIF1α Expression In Prostate Cell Lines  

 

 

PNT1A, LNCaP, DU145, PC3 wild type (PC3-WT) and PC3-HIF1α knock-down 

(HIF1α-KD) cells were cultured and trypsinised as described above and diluted to 

reach a desired concentration of 2.0 x 105 cells / mL. A volume of 1000µL per well of 
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cell suspension in serum media  (2.0 x 105 cells) was inserted into clear 6-well plates 

and incubated at 37˚C overnight. After 24 hours media was discarded was discarded 

and cells scraped and collected for WB protein expression as per protocol specified in 

section 5.2.3. Primary HIF1α mouse antibody (BD Biosciences) was used at 1:2000 

dilution and loading control 1:10000 rabbit anti-GAPDH antibody (Santa Cruz 

Biotechnology) in 1% BSA.  

5.2.3.2 Zinc Dose and Time Dependent Protein Expression  

 

PNT1A, LNCaP, DU145 and PC3 cells were cultured and trypsinised as described 

above and diluted to reach a desired concentration of 2.0 x 105 cells / mL. A volume 

of 1000µL per well of cell suspension in serum media  (2.0 x 105 cells) was inserted 

into clear 6-well plates and incubated at 37˚C overnight. After 24 hours media serum 

media was discarded and replaced with SFM containing ZnCl2 treatment in varying 

doses (1nM, 10nM, 100nM, 1µM, 5µM, 10µM, 25µM or 50µM) for 24 hours. An 

additional assay specifically for PNT1A and PC3 cells was conducted with ZnCl2 

10µM for varying exposure times (1, 2, 4, 6, 8 and 24 hours). At desired treatment 

completion times SFM was discarded and cells scraped and collected for WB protein 

expression as per protocol specified in section 5.2.3. Primary HIF1α mouse antibody 

(BD Biosciences) was used at 1:2000 dilution, pAKT (Cell Signaling) at 1:4000, 

pMAPK (Cell Signaling) at 1:4000, E-cadherin (Santa Cruz Biotechnology) at 1:400, 

vimentin (Santa Cruz Biotechnology) at 1:400 and rabbit anti-GAPDH antibody at 

1:10000 (Santa Cruz Biotechnology) in 1% BSA.  
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5.2.3.3 Immunocytochemistry Staining For HIF1α In PC3 Cells 

 
PC3 cells were trypsinised as described above and pipetted onto sterilised superfrost 

slides and cells were allowed to attach overnight in SM. On day 1 SM was discarded 

and cells were washed with 1X PBS. Zinc treatment (ZnCl2 10µM), iron treatment 

(AFC 10µM) or zinc and iron combination treatment (ZnCl2 10µM + AFC 10µM) 

was added in SFM for 4 hours. Treatment containing SFM was discarded and cells 

were washed again with 1X PBS. Cells were fixed using paraformaldehyde 4% for 3 

minutes then washed with PBS three times. Antigen retrieval was performed by 

submerging samples in citrate buffer 1X (pH 6.0) and heating them in a microwave 

for 3 minutes on medium-high and 13 minutes on medium-low heat.  Slides were 

allowed to cool then washed with TBST. Permeabilization was performed using 

0.25% Triton X-100 in PBS at room temperature for 10 minutes. Non-specific 

blocking was performed with 10% goats serum (diluted in TBST) which was added 

and slides incubated for 30 minutes at room temperature. Slides again washed in 

TBST for 5 minutes x 2.  Primary antibody (HIF1α at 1:100) diluted in TBST was 

added at 4˚C overnight. After antibody incubation, slides further washed in TBST 5 

minutes x 2 and were treated with a polymer HRP anti-rabbit secondary antibody in 

the dark at room temperature for 1 hour. Slides were washed with TBST 5 minutes x 

2. Then 3,3' Diaminobenzidine (DAB) chromogen (1 drop/ml of substrate buffer, 

Dako) was added to complete development. Finally, slides were counterstained with 

hematoxylin for 1 minute, washed in running water and Scott’s tap water also for 1 

minute. Slides were washed in water, dehydrated (70% ethanol for 2 minutes then 

100% ethanol for 3 minutes x 2) and cover slipped after fixing in histolene for 10 

minutes. The slides were then allowed to dry overnight.  
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5.2.3.4 Immunohistochemical Staining For HIF1α In PC3 Xenograft Tumours  

 
PC3 xenograft tumours were established in SCID as described in section 2.2.8. 

Tumour tissue from control and zinc (ZnCl2 3mg/Kg) treated mice was sectioned 

(4µm) onto superfrost slides and dried overnight in an incubator. Paraffin-embedded 

tumour sections were warmed up at 65˚C for 30 minutes, de-waxed in in histolene for 

10 minutes x 2, dehydrated with 100% ethanol for 5 minutes x 2 and 70% ethanol for 

5 minutes. Slides were then washed in running water for 1 minute. Antigen retrieval 

was performed by submerging samples in citrate buffer 1X (pH 6.0) and heating them 

in a microwave for 3 minutes on medium-high and 13 minutes on medium-low heat.  

Slides were allowed to cool, washed with TBST and the endogenous peroxidases in 

the specimens were blocked by 3% hydrogen peroxide treatment for 10 minutes in the 

dark. Slides were washed in TBST buffer for 5 minutes x 2. Non-specific blocking 

was performed with 10% goats serum (diluted in TBST) which was added and slides 

incubated for 30 minutes at room temperature. Slides again washed in TBST for 5 

minutes x 2.  Primary antibody (HIF1α 1:100) in TBST was added at 4˚C overnight. 

After antibody incubation, slides further washed in TBST 5 minutes x 2 and were 

treated with a polymer HRP anti-rabbit secondary antibody in the dark at room 

temperature for 1 hour. Slides were washed with TBST 5 minutes x 2. Then 3,3' 

Diaminobenzidine (DAB) chromogen (1 drop/ml of substrate buffer, Dako) was 

added to complete development. Finally, slides were counterstained with hematoxylin 

for 1 minute, washed in running water and Scott’s tap water also for 1 minute. Slides 

were washed in water, dehydrated (70% ethanol for 2 minutes then 100% ethanol for 

3 minutes x 2) and cover slipped after fixing in histolene for 10 minutes. The slides 

were then allowed to dry overnight.  
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5.2.3.5 Zinc Pre-Conditioning HIF1α Expression 

 

PNT1A, PC3 wild type (PC3-WT) and PC3-HIF1α knock-down (HIF1α-KD) cells 

were cultured and trypsinised as described above and diluted to reach a desired 

concentration of 2.0 x 105 cells / mL. A volume of 1000µL per well of cell suspension 

in serum media  (2.0 x 105 cells) was inserted into clear 6-well plates and incubated at 

37˚C overnight. After 24 hours media serum media was discarded and replaced with 

SFM containing ZnCl2 10µM and cells were incubated for 4 hours at 37˚C.  Upon 

completion of treatment cells scraped and collected for WB protein expression as per 

protocol specified in section 5.2.3. Primary HIF1α mouse antibody (BD Biosciences) 

was used at 1:2000 dilution and rabbit anti-GAPDH antibody at 1:10000 (Santa Cruz 

Biotechnology) in 1% BSA.  

 

5.2.3.6 Iron (Fe2+) Dependent HIF1α Degradation  

 

CRPC-like DU145 and PC3 cells were cultured and trypsinised as described above 

and diluted to reach a desired concentration of 2.0 x 105 cells / mL. A volume of 

1000µL per well of cell suspension in serum media  (2.0 x 105 cells) was inserted into 

clear 6-well plates and incubated at 37˚C overnight. After 24 hours media serum 

media was discarded and replaced with SFM containing iron (Fe2+) treatment (AFC) 

in varying doses (10nM, 100nM, 1µM, 10µM and 25µM) for 24 hours. SFM was 

discarded and cells scraped and collected for WB protein expression as per protocol 

specified in section 5.2.3. Primary HIF1α mouse antibody (BD Biosciences) was used 
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at 1:2000 dilution and rabbit anti-GAPDH antibody at 1:10000 (Santa Cruz 

Biotechnology) in 1% BSA.  

5.2.3.7 Zinc Mediated Rescue HIF1α Protein Expression  

 

LNCaP and PC3 cells were cultured and trypsinised as described above and diluted to 

reach a desired concentration of 2.0 x 105 cells / mL. A volume of 1000µL per well of 

cell suspension in serum media  (2.0 x 105 cells) was inserted into clear 6-well plates 

and incubated at 37˚C overnight. After 24 hours media serum media was discarded 

and replaced with SFM containing either ZnCl2 10µM alone, AFC 10µM or 1µM 

alone or combination ZnCl2 10µM and AFC 10µM or 1µM then cells were incubated 

for 4 hours at 37˚C.  Upon completion of treatment cells scraped and collected for 

WB protein expression as per protocol specified in section 5.2.3. Primary HIF1α 

mouse antibody (BD Biosciences) was used at 1:2000 dilution and rabbit anti-

GAPDH antibody at 1:10000 (Santa Cruz Biotechnology) in 1% BSA.  

 

5.2.4 Statistical Analysis  

 

Data is presented as mean values ± SEM unless stated otherwise. Statistical 

significance for single comparisons of normally distributed data was determined by a 

two-way Student’s t test. For sample populations with unequal standard deviations 

(SD) a t test was performed with Welch’s correction. For multiple comparisons one-

way ANOVAs followed by the Bonferroni correction were performed. For stand-

alone comparison between two population groups Fishers LSD (least significant 

difference) test was used. A p value <0.05 (*) is considered as borderline significant, 
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p<0.01 (**) moderately significant and p<0.001 (***) is strongly significant. All 

statistical analysis was performed in GraphPad Prism.      



CHAPTER 5 – THE ROLE OF ZINC IN HIF1A DEPENDENT MECHANISMS  
 
 

263 

5.3 Results  

5.3.1 PC3 Cells Are Resistant To Oxidative Injury  

 

One of the key obstacles to successful therapy in PCa is a resistant cancer phenotype. 

A few recognised resistance mechanisms to chemotherapy and radiotherapy used by 

CRPC have been established (247), however these mechanisms are not entirely 

understood. Oxidative stress and subsequent generation of reactive oxygen species 

(ROS) is often associated with etiology and progression of disease such as cancer, and 

resistance to oxidative stress is a feature of aggressive cancer phenotype. As 

previously demonstrated in Figure 3.1 PC3 cells are inherently more resistant to 

docetaxel chemotherapy. Furthermore, compared to normal prostate epithelial control 

cells (PNT1A) these CRPC-like cells exhibit different behaviour with regards to free 

Zn2+ uptake and distribution (Chapter 4) and proliferation following zinc exposure 

(Chapter 5).  The aim was investigate the role of zinc in resistant PC3 cells in an 

oxidative injury model. 

 

Firstly, we compared cell survival in PNT1A and PC3 cells following exposure to 

various doses of hydrogen peroxide (H2O2) for 24 hours (Figure 5.1).  PC3 are more 

resistant to oxidative stress injury than PNT1A cells. Cell survival after exposure to 

the cytotoxic agent H2O2 was significantly higher in PC3 by 64% and 26% at 25µM 

and 50µM doses respectively (p<0.001) (Figure 5.1). Cell survival at doses higher 

than 75µM were less than 20% in both cells lines. IC50 for PNT1A was 1.8µM 

compared to PC3 cells which was significantly higher at 45.3µM.  
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Figure 5.1 Hydrogen Peroxide (H2O2) Dose Response Curve For PNT1A 

And PC3 Cells  

Cell viability in PNT1A and PC3 cells was analysed by MTT after 24 hours of 

H2O2 exposure (25µM, 50µM 75µM and 100µM). Triplicate values from three 

separate experiments are expressed as mean ± SEM percentage of untreated 

control. *** p<0.001 versus PNT1A cells determined by two-way t test.  Non-

linear regression curves were estimated for each cell line (R2 values: PNT1A 

0.97 and PC3 0.94) and IC50 values calculated.  
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5.3.1.1 Hypoxia-Inducible Factor 1α (HIF1α) Protein Is Overexpressed In PC3 

And DU145 Under Normal Oxygen Conditions  

 

Hypoxia-inducible factor 1α (HIF1α) is a transcriptional complex stimulated by 

hypoxia or stress which codes for more than 200 genes for cell survival, can 

ultimately protect against oxidative stress injury, androgen deprivation, 

chemotherapeutic and radiation cytotoxicity (288, 289). HIF1α is an independent 

indicator for biochemical failure following surgery, metastatic disease and 

development of castrate-resistant disease (262, 271-274).   

 

HIF1α is degraded under normoxic conditions by two key processes: firstly the 

hydroxylation of HIF-α subunits by prolyl-hydroxylase (PHD) enzymes in an oxygen 

and iron (Fe2+) dependent reaction allows for a secondary binding to pVHL-E3-

ubiquitin complex and ultimately HIF1α is destroyed by proteasomal degradation 

(294). However, in PCa cells under normal oxygen conditions there is an absence in 

HIF1α degradation and conversely an increase in HIF1α transcriptional activity 

(Figure 5.2).  

 

Basal HIF1α under normoxia expression measured by Western Blot (WB) protein 

analysis was significantly higher in CRPC-like PC3 (p<0.01) and DU145 (p<0.05) 

cells by 20.1x ± 5.0 and 12.1x ± 3.6 fold respectively compared to LNCaP cells. 

Although PNT1A cells exhibited a small 4.6x fold higher expression of HIF1α 

compared to LNCaP cells this was non-significant (p>0.05).  
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Figure 5.2 Basal HIF1α Protein Expression In Untreated Prostate Cells In 

Normal Oxygen Conditions  

Basal HIF1α protein concentrations in the human PC cell lines PNT1A, 

LNCaP, DU145 and PC3 under normoxic conditions were analysed by 

Western blot. Western blot HIF1α panel normalized to GAPDH loading 

control Triplicate values from three separate experiments are expressed as 

mean ± SEM fold increase compared to LNCaP cells. * p<0.05, **p<0.01 *** 

p<0.001 versus LNCaP cells determined by two-way students t-test.   
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5.3.2 Basal Free Zn2+ Correlates With HIF1α In Prostate Cells 

 
Having previously established that untreated CRPC-like PC3 and DU145 cells posses 

significantly higher levels of basal free Zn2+ (Section 4.3.4), we compared these 

results with the similar distribution pattern of HIF1α expression across prostate cell 

lines to determine if there is a potential relationship between free Zn2+ and HIF1α 

expression.  

 

Figure 5.3 demonstrates a positive linear correlation between normoxic HIF1α 

expression and basal free Zn2+ concentration in untreated prostate cell lines (R2 = 

0.9764). This suggests that zinc dyshomeostasis in PC3 cells could be connected to 

overexpression of HIF1α, and potentially other proteins, since it is well known that 

zinc is an integral component of numerous proteins and an important intracellular 

signalling molecule.  
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Figure 5.3 Linear Correlation Between Basal HIF1α Protein Expression 

And Free Zn2+ Concentration In Human Prostate Cells  

Basal free Zn2+ concentration (nM) (mean ± SEM) in untreated PNT1A, 

LNCaP, DU145 and PC3 cells as determined by FluoZin-3 fluorescence assay 

(results from Section 4.3.4) were plotted (x-axis) against normoxic HIF1α 

protein expression (HIF1α protein fold LNCaP) in untreated cells as 

determined by WB protein analysis (y-axis). Linear regression analysis was 

performed (R2 = 0.9764).   
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5.3.3 Zinc Induces HIF1α Protein Expression In PC3 Prostate 

Cancer Cells In A Dose And Time Dependent Manner  

 
The exact underlying mechanism for HIF1α over-expression in PCa remains unclear, 

but our previous results suggest a potential relationship between the metal Zn2+ and 

HIF1α protein. Therefore to investigate this further we treated PC3 and PNT1A cells 

with ZnCl2 and measured HIF1α protein expression by WB.  

 

As shown in Figure 5.4, in PC3 cells HIF1α expression increased 8.9 ± 2.4x fold 

following exposure to low dose of ZnCl2 10µM for 24 hours (p<0.01). As previously 

established (Figure 3.2) PC3 cells are sensitive to zinc, therefore HIF1α expression 

for ZnCl2 >25µM doses was unable to be measured due to the high toxicity of zinc to 

PC3 cells above this concentration. 
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Figure 5.4 Zinc Dose Dependent HIF1α Protein Expression In PC3 Cells 

HIF1α protein concentration in the PC3 cells under normoxic conditions 

following exposure to ZnCl2 (1nM to 25µM) for 24 hours analysed by 

Western blot. Values for >25µM ZnCl2 were unable to be measured due to the 

high toxicity of zinc to PC3 cells at this concentration. Triplicate values from 

three separate experiments are expressed as mean ± SEM fold-increase of 

untreated control. Western blot HIF1α panel normalized to GAPDH loading 

control.  * p<0.05, **p<0.01 *** p<0.001 versus untreated control cells 

determined by two-way students t-test.   
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Using the optimal dose of ZnCl2 10µM for PC3 cells HIF1α protein was measured in 

response to duration of exposure.  Figure 5.5 demonstrates a time-responsive increase 

in HIF1α protein expression following zinc treatment. Zinc exposure significantly 

increased HIF1α protein expression up to 6.6 ± 0.5x, 6.6 ± 0.8x, 12.0 ± 2.0x and 11.6 

± 1.2x fold at 2,4, 6 and 8 hours respectively. After 24 hours HIF1α protein 

expression increased up to 18.9 ± 2.4x fold versus untreated 8-hour control (p<0.001) 

and 2.5 ± 0.4x fold versus untreated 24-hour control (p<0.05). Zinc exposure does not 

alter protein expression for signaling proteins pAKT and pMAPK and EMT markers 

e-cadherin or vimentin in PC3 cells (Figure 5.6).  
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Figure 5.5 Time Dependent HIF1α Protein Expression In PC3 Cells 

Following ZnCl2 10µM Treatment  

HIF1α protein concentration in the PC3 cells under normoxic conditions 

following exposure to ZnCl2 10µM for 1, 2, 4, 6, 8 and 24 hours was analysed 

by Western blot. Triplicate values from three separate experiments are 

expressed as mean ± SEM fold-increase of untreated control. Western blot 

HIF1α panel normalized to GAPDH loading control. * p<0.05, **p<0.01 *** 

p<0.001 versus untreated control cells determined by two-way students t-test.  

# p<0.05 versus untreated 24-hour control.  
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Figure 5.6 Expression Of Signaling  (pAKT and pMAPK) And Epithelial-

To-Mesenchymal Transition Proteins (E-Cadherin and Vimentin) Is 

Unchanged in PC3 Cells Following Zinc Exposure  

Protein expression for signaling proteins pAKT and pMAPK and EMT 

markers e-cadherin and vimentin in PC3 cells following exposure to ZnCl2 

10µM for 1, 2, 4, 6, 8 and 24 hours was analysed by Western blot. Western 

blot HIF1α, pAKT, pMAPK, E-Cadherin and Vimentin panels normalized to 

GAPDH loading control. Single representative for each marker from the same 

WB experiment is displayed.  
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5.3.4 Zinc Induces HIF1α Protein Expression In Normal Prostate 

Epithelial PNT1A Cells In A Dose And Time Dependent 

Manner  

 

Having established zinc can induce HIF1α in PCa cells in a dose and time dependent 

manner; the same zinc exposure conditions and WB experiments were repeated in 

control normal prostate epithelial (PNT1A) cells. Similar trends were observed, 

although the degree of response was considerably lower compared to PC3 cells. 

  

As demonstrated in Figure 5.7, exposure to ZnCl2 50µM was the most effective dose 

to induce HIF1α expression 11.0 ± 5.2x fold in PNT1A cells (p<0.001). There is a 

minor trend of zinc induced HIF1α expression at lower doses, all of which were non-

significant on statistical analysis. In particular the dose ZnCl2 10µM only increased 

HIF1α expression by 5.1 ± 1.7x fold (p=0.14) in this cell line.  Similarly to PC3 cells, 

zinc exposure failed to provoke a change in protein expression for pAKT, pMAPK, 

vimentin or e-cadherin (Figure 5.8).  
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Figure 5.7 Zinc Dose Dependent HIF1α Protein Expression In PNT1A 

Cells 

HIF1α protein concentration in the PNT1A cells under normoxic conditions 

following exposure to ZnCl2 (1nM to 50µM) for 24 hours was analysed by 

Western blot. Triplicate values from three separate experiments are expressed 

as mean ± SEM fold-increase of untreated control. Western blot HIF1α panel 

normalized to GAPDH loading control. * p<0.05, **p<0.01 *** p<0.001 

versus untreated control cells determined by two-way students t-test.   
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Figure 5.8 Expression Of Signaling  (pAKT and pMAPK) And Epithelial-

To-Mesenchymal Transition Proteins (E-Cadherin and Vimentin) Is 

Unchanged In PNT1A Cells Following Zinc Exposure 

Protein expression for signaling proteins pAKT and pMAPK and EMT 

markers e-cadherin and vimentin in PNT1A cells following exposure ZnCl2 

1nM to 50µM was analysed by Western blot. Western blot HIF1α, pAKT, 

pMAPK, E-Cadherin and Vimentin panels normalized to GAPDH loading 

control. Single representative for each marker from the same WB experiment 

is displayed.  

 

A time-responsive HIF1α protein WB using ZnCl2 10µM, was replicated in PNT1A 

cells (Figure 5.9). This zinc dose was less effective at inducing HIF1α expression, 

with little to no increase up to 8 hours exposure. After 24 hours HIF1α protein in 

PNT1A cells was 4.7 ± 2.4x fold higher compared to untreated control (p<0.05). 

There is certainly an increase of HIF1α at this time point as can be seen by the WB 
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protein band in Figure 5.9 but this was not statistically significant compared to 

specific 24-hour control cells.  

 

 

 

Figure 5.9 Time Dependent HIF1α Protein Expression In PNT1A Cells 

Following ZnCl2 10µM Treatment 

HIF1α protein concentration in PNT1A cells under normoxic conditions 

following exposure to ZnCl2 10µM for 1, 2, 4, 6, 8 and 24 hours was analysed 

by Western blot. Triplicate values from three separate experiments are 

expressed as mean ± SEM fold-increase of untreated control. Western blot 

HIF1α, panel normalized to GAPDH loading control. * p<0.05, **p<0.01 *** 

p<0.001 versus untreated control cells determined by two-way students t-test.  
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5.3.5 Zinc Induced HIF1α Protein Expression In LNCaP and DU145 

PCa Cells Is Less Pronounced 

 

Zinc has a profound effect on HIF1α expression in PC3 cells and to a lesser degree in 

PNT1A cells, but it is unknown if it has the same effect in androgen sensitive PCa 

(LNCaP) or CRPC-like PCa (DU145) cells. Interestingly, zinc had little significant 

effect on HIF1α expression in both cell lines (Figure 5.10 and Figure 5.11). The only 

exception was in LNCaP cells whereby ZnCl2 10µM was most effective, increasing 

HIF1α by 2.2 ± 0.4x fold (p<0.01).  No significant increase was seen with this dose in 

DU145 cells.  
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Figure 5.10 Zinc Dose Dependent HIF1α Protein Expression In LNCaP 

Cells 

HIF1α protein concentration was measured in LNCaP cells under normoxic 

conditions following exposure to ZnCl2 (1nM to 25µM) for 24 hours analysed 

by Western blot. Values for >25µM ZnCl2 were unable to be measured due to 

the high toxicity of zinc cells. Triplicate values from three separate 

experiments are expressed as mean ± SEM fold-increase of untreated control. 

Western blot HIF1α panel normalised to GAPDH loading control. * p<0.05, 

**p<0.01 *** p<0.001 versus untreated control cells determined by two-way 

students t-test.   
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Figure 5.11 Zinc Dose Dependent HIF1α Protein Expression In DU145 

Cells 

HIF1α protein concentration was measured in DU145 cells under normoxic 

conditions following exposure to ZnCl2 (1nM to 25µM) for 24 hours analysed 

by Western blot. Values for >25µM ZnCl2 were unable to be measured due to 

the high toxicity of zinc cells. Triplicate values from three separate 

experiments are expressed as mean ± SEM fold-increase of untreated control. 

Western blot HIF1α, panel normalised to GAPDH loading control. * p<0.05, 

**p<0.01 *** p<0.001 versus untreated control cells determined by two-way 

students t-test.   
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5.3.6 Immunohistochemical Staining Of HIF1α In PC3 Cells In Vitro 

And In Vivo 

 
In support of the results seen by WB, zinc exposure to PC3 cells in vitro and 

xenograft tumours in vivo appears to increase the expression of HIF1α when 

measured using immunocytochemistry (ICyC) and immunohistochemistry (IHC) 

processing of samples (Figure 5.12). Positive staining for HIF1α is more pronounced 

in zinc treated samples (Figure 5.12E and F) compared to control (Figure 5.12B and 

C). Unfortunately semi-quantitative analysis using the TMARKER software was not 

possible on these samples.  

 

Figure 5.12 Zinc Induced HIF1α Staining By IHC In PC3 Xenograft 

Tumours And By ICyC In PC3 Cells 

Typical immunohistochemical staining appearance of HIF1α (1:100) for (A) 

HIF1α positive control (Pancreatic tumour) tumour tissue (B) PC3 xenograft 

control (C) PC3 untreated control cells, (D) and (E) zinc treated PC3 xenograft 

tumour (ZnCl2 3mg/Kg) and (F) ZnCl2 10µM treated PC3 cells.   
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5.3.7 Zinc Is Protective To PC3 Cells Against Oxidative Injury  

 
 It is widely recognised that zinc has anti-oxidant properties, although some critical 

anti-oxidant functions of zinc are yet to be uncovered (309). Oxidative stress is often 

associated with etiology and progression of disease such as cancer, and with regards 

to the prostate gland increasing age is associated with increased oxidative stress and 

inflammatory markers in the prostate, therefore could contribute to prostatic disease 

including cancer (200). Zinc has been shown to have an anti-oxidant role in prostate 

tumours in vivo but the potential antioxidant role of zinc in CRPC is relatively 

unknown (221, 310). For this reason and considering the significant relationship 

between zinc and HIF1α, which is responsible for encoding protective genes, the role 

of zinc in oxidative injury was investigated in PNT1A and PC3 cells.  

 

As established in Figure 5.1, PC3 cells are inherently more resistant to oxidative 

injury. Zinc pre-treatment protects PC3 cells against oxidative injury and promotes 

survival (Figure 5.13). Zinc chloride doses of 1µM, 5µM and 10µM for 4 hours 

significantly increased PC3 cell survival by 2.0 ± 0.1, 2.2 ± 0.1 and 2.3 ± 0.1 x fold  

respectively (p<0.001). No protective effect was seen with ZnCl2 15µM and doses 

>25µM were ultimately too toxic to PC3 cells to allow MTT analysis. Conversely in 

non-cancerous PNT1A cells we did not observe any protective effect following zinc 

pre-conditioning, including doses up to 50µM (Figure 5.14). Furthermore higher 

doses of ZnCl2 (25µM and 50µM) were tolerated by PNT1A but not PC3 cells. 
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Figure 5.13 Zinc Protects PC3 Cells Against Oxidative Injury 

Cell survival was measured by MTT assay in PC3 cells, which were 

preconditioned with ZnCl2 (0.1µM – 15µM) for 4 hours, then exposed to H2O2 

75µM of in SFM for 24 hours. Cell survival was assessed using MTT assay at 

24 hours. Triplicate mean ± SEM fold increase values of H2O2 controls are 

plotted. * p<0.05, **p<0.01 *** p<0.001 versus H2O2 75µM control cells 

determined by two-way students t-test.   
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Figure 5.14 Zinc Has No Protective Role In PNT1A Cells Against 

Oxidative Injury 

Cell survival was measured by MTT assay in PNT1A cells, which were 

preconditioned with ZnCl2 (0.1µM – 50µM) for 4 hours, then exposed to H2O2 

75µM of in SFM for 24 hours. Cell survival was assessed using MTT assay at 

24 hours. Triplicate mean ± SEM fold increase values of H2O2 controls are 

plotted. * p<0.05, **p<0.01 *** p<0.001 versus H2O2 75µM control cells 

determined by two-way students t-test.   
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5.3.8 The Protective Role Of Zinc In PC3 Cells Against Oxidative 

Injury Is HIF1α Protein Dependent  

 
Under identical experimental conditions of zinc pre-conditioning (ZnCl2 10µM for 4 

hours), HIF1α protein expression was significantly increased in PC3 cells as clearly 

demonstrated by WB in Figure 5.15. In PC3 cells HIF1α increased significantly by 

15.4 ± 3.5x fold (p<0.001) compared to 1.8 ± 0.4x fold in PNT1A cells (p>0.05).  

 
 

Figure 5.15 HIF1α Protein Expression In PNT1A and PC3 Cells Pre-

Conditioned With Zinc  

HIF1α protein expression in PNT1A and PC3 cells following zinc pre-

conditioning protocol (ZnCl2 10µM for 4 hours) was measured simultaneously 

by Western blot. Triplicate values from three separate experiments are 

expressed as mean ± SEM fold-increase of untreated control. Western blot 

HIF1α, panel normalised to GAPDH loading control.  * p<0.05, **p<0.01 *** 

p<0.001 versus untreated control cells determined by two-way students t-test.  
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Since it has been established that zinc is both protective to PC3 cells (Figure 5.13) and 

can induce HIF1α protein expression (Figure 5.4, Figure 5.5 and Figure 5.15), we 

hypothesised zinc could be exerting protective effects in PC3 cells via a HIF1α 

dependent mechanism. In order to address this hypothesis we utilised an established 

PC3-HIF1α knock-down cell line (HIF1α-KD) to compare against the wild-type PC3 

cells (PC3-WT). My colleagues Dr Ranasinghe et al (262) previously successfully 

achieved stable HIF1α knock-down PC3 cell line by transfection of PC3 cells with a 

vector expressing HIF1α shRNA.  
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The Western blot in Figure 5.16 demonstrates the knock-down effect of HIF1α 

protein expression in the transfected PC3-HIF1α-KD cell line. Mean fold decrease 

was 0.55 ± 0.05 in HIF1α-KD cells compared to PC3-WT cells (p<0.001). Therefore, 

HIF1α levels were around ~45% of control cells and therefore was considered a 

sufficient knock-down and an acceptable model with which to investigate the 

potential role of zinc in protective mechanisms in PCa.  

 

 

Figure 5.16 HIF1α Protein Expression In PC3-WT and PC3-HIF1α-KD 

Cell Lines  

HIF1α protein expression PC3-WT and PC3-HIF1α-KD cells under normoxic 

conditions were analysed by Western blot. Triplicate values from three 

separate experiments are expressed as mean ± SEM fold difference compared 

to PC3-WT cells. Western blot HIF1α, panel normalised to GAPDH loading 

control. *** p<0.001 versus PC3-WT cells determined by two-way students t-

test.   
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In HIF1α-KD cells zinc mediated protection against oxidative injury was essentially 

eliminated (Figure 5.17) unlike marked protective effect seen in wild-type PC3 cells 

(Figure 5.13).  One significant result was observed with ZnCl2 dose of 1µM, with a 

0.4 ± 0.1 fold increase in survival (p<0.05), but this could be accounted for by 

experimental variation or a mild increase zinc induced HIF1α expression. Importantly 

ZnCl2 10µM, which has been consistently the most effective dose in all previous PC3-

WT results, did not provide any protection and cell survival was not significant.   

 

Figure 5.18 displays how zinc pre-conditioning (ZnCl2 10µM for 4 hours) 

significantly increased HIF1α expression by 15.4 ± 3.5x fold in PC3-WT cells 

(p<0.001), which correlates with the 232% increase in cell survival after exposure to 

H2O2 (Figure 5.13). However, a considerably smaller 4.5 ± 1.5x fold increase in 

HIF1α expression was observed in HIF1α-KD PC3 cells, which was significantly 

inferior compared to PC3-WT cells (p<0.05) and this correlates with the absence of 

zinc-mediated oxidative protection seen previously (Figure 5.17).  The elimination of 

protection by zinc in this HIF1α-KD model implies that zinc is an integral component 

of a HIF1α dependent protective mechanism present in PCa cells, which is not present 

in normal prostate epithelial cells.  Considering these observations zinc could be 

essential in the resistant nature of CRPC cells. 
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Figure 5.17 Zinc Protection Against Oxidative Injury Is Suppressed By 

Knock-Down Of HIF1α Protein  

Cell survival was measured by MTT assay in PC3-HIF1α-KD cells, which 

were preconditioned with ZnCl2 (0.1µM – 15µM) for 4 hours, then exposed to 

H2O2 75µM of in SFM for 24 hours. Cell survival was assessed using MTT 

assay at 24 hours. Triplicate mean ± SEM percentages fold increase values of 

H2O2 controls are plotted. * p<0.05, **p<0.01 *** p<0.001 versus H2O2 

75µM control cells determined by two-way students t-test.   
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Figure 5.18 Zinc Induced HIF1α Protein Expression Is Reduced In PC3- 

HIF1α-KD Cells  

HIF1α protein expression in PC3-WT and PC3-HIF1α-KD cells following 

zinc pre-conditioning protocol (ZnCl2 10µM for 4 hours) was measured 

simultaneously by Western blot. Triplicate values from three separate 

experiments are expressed as mean ± SEM fold-increase of untreated control. 

Western blot HIF1α panel normalised to GAPDH loading control.  * p<0.05, 

**p<0.01 *** p<0.001 versus untreated control and # p<0.05 versus PC3-WT 

Zn cells was determined by two-way students t-test.  
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5.3.9  Iron (Fe2+) Degrades Normoxic Overexpressed HIF1α Protein 

In CRPC Cells  

 

HIF1α is normally degraded under normoxic conditions by two key processes: firstly 

the hydroxylation of HIF-α subunits by prolyl-hydroxylase (PHD) enzymes in an 

oxygen and iron (Fe2+) dependent reaction allows for a secondary binding to pVHL-

E3-ubiquitin complex and ultimately HIF1α is destroyed by proteasomal degradation 

(Figure 1.5) (294). However, in CRPC cells under normal oxygen conditions there is 

an absence in HIF1α degradation and conversely an increase in HIF1α transcriptional 

activity (Figure 5.2). Therefore the aim of this experiment was to ascertain if iron 

could degrade and reverse overexpressed HIF1α in CRPC cells.  

 

As seen in Figure 5.19 treatment with exogenous iron (AFC) significantly reduces 

HIF1α expression by 0.29 ± 0.06x and 0.21 ± 0.06x fold in CRPC-like DU145 and 

PC3 cells respectively (p<0.001). In order to establish an optimal dose of AFC in PC3 

cells iron-dose-dependent HIF1α expression was measured (Figure 5.20). 

Interestingly 1µM and 10µM were just as effective at reducing HIF1α expression as 

25µM in PC3 cells. Therefore for the subsequent experiments a standard dose of 

10µM AFC was used, because this achieved adequate reduction of HIF1α and would 

be used against an equivalent dose of ZnCl2 (i.e. 10µM) in future assays and in 

particular because administration of metals (i.e. Fe2+ or Ca2+) in excess of Zn2+ 

concentration can have a negative impact on Zn2+ absorption and bioavailability (388-

393).   
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Figure 5.19 Exogenous Iron Degrades Overexpressed HIF1α CRPC Cells 

HIF1α protein expression measured by WB in PC3 and DU145 cells under 

normoxic conditions following exposure to AFC 25µM for 24 hours analysed 

by Western blot. Western blot HIF1α panel normalised to GAPDH loading 

control. *** p<0.001 versus untreated determined by two-way students t-test. 
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Figure 5.20 Iron (Fe2+) Degrades Overexpressed HIF1α Protein In PC3 

Cells In A Dose Dependent Manner 

HIF1α protein concentration was measure in PC3 cells under normoxic 

conditions following exposure to AFC (10nM to 25µM) for 24 hours analysed 

by Western blot. Triplicate values from three separate experiments are 

expressed as mean ± SEM fold-increase of AFC 25µM treated cells. Western 

blot HIF1α panel normalised to GAPDH loading control. * p<0.05, **p<0.01 

*** p<0.001 versus AFC 25µM treated cells was determined by two-way 

students t-test.  
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degradation pathway by administering iron and successfully reduce HIF1α.  Zinc 

(Zn2+) along with other divalent metal ions such as Co2+ and Ni2+ have been shown to 

stabilise the HIF1α protein but specifically Zn2+ can inhibit the PHD-dependent 

prolyl-hydroxylation of HIF1α in vitro and in vivo (394-397). In human biology, Fe2+ 

has a competitive relationship with Zn2+ (388, 389, 398-400). Since Fe2+ is a co-factor 

for PHD enzyme function a possible mechanism of HIF1α protein stabilisation in PC3 

is displacement of Fe2+ by Zn2+ at the PHD binding site. To investigate this further we 

treated PC3 cells with combined Zn2+/ Fe2+ treatment and measured HIF1α expression.  

 

As seen in Figure 5.21, Fe2+ alone treatment successfully degrades HIF1α protein 

levels to 0.21 ± 0.04x and combination Fe2+/Zn2+ treatment rescues HIF1α back to 3.5 

± 0.95x fold levels of control (p<0.05). Therefore in the presence of Fe2+ ions, Zn2+ 

can rescue HIF1α expression up to 10x fold compared to virtually complete 

degradation of the HIF1α protein from iron treatment alone.  To complement these as 

seen in Figure 5.22 ICyC staining for HIF1α protein in Fe2+/Zn2+ treated PC3 cells 

appears stronger than control or Fe2+ alone treated PC3 cells.  This assay was unable 

to be completed in PNT1A cells due to very low expression of HIF1α at baseline, as 

illustrated in Figure 5.15, therefore no comparison could be made between treatment 

groups and hence why no data is presented herein.  

 

These results imply that in CRPC-like PC3 cells Zn2+ ions could be stabilising HIF1α 

protein in normoxia by competing with Fe2+ ions at the PHD binding sites, which 

ultimately leads to transcription of survival genes and resistance to injury such as 

oxidative stress or potentially other agents such as chemotherapy (Figure 5.23).  
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Figure 5.21 Zinc Rescues HIF1α Expression Following Reduction In The 

Presence Of Iron   

HIF1α expression in PC3 cells following zinc alone (ZnCl2 10µM), iron alone 

(AFC 10µM) or zinc/iron combination treatment (ZnCl2 10µM + AFC 10µM) 

for 4 hours was measured by Western blot. Triplicate values from three 

separate experiments are expressed as mean ± SEM fold-increase of untreated 

control. Western blot HIF1α panel normalised to GAPDH loading control. * 

p<0.05, **p<0.01 *** p<0.001 versus untreated control and # p<0.05 versus 

iron only (AFC 10µM) was determined by two-way students t-test.  
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Figure 5.22 Staining For HIF1α By ICyC Illustrating The Rescue Effect 

Of Zinc Treatment In PC3 Cells 

Typical immunocytochemistry (ICyC) staining appearance of HIF1α (1:100) 

for (A) untreated PC3 control cells (B) AFC 10µM treated PC3 cells and (C) 

ZnCl2 10µM + AFC 10µM treated PC3 cells.  
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Figure 5.23 Potential HIF1α Stabilisation Mechanism in CRPC 

(A) In normoxic conditions, in a normal prostate epithelial cell (PNT1A) the 

pathway for HIF1α degradation pathway is activated: proteasomal degradation 

is achieved by binding to pVHL-E3-ubiquitin complex mediated by prolyl-

hydroxylase (PHD) enzymes which function with co-factors iron (Fe2+), 

ascorbate and 2-oxoglutarate. However, in CRPC cells (PC3) under the same 

normoxic conditions the HIF1α pathway is inhibited by Zn2+ ions (B), which 

substitute for Fe2+ ions at the PHD binding site, and also potentially reduce co-

factor 2-oxyglurate via mAC inhibition in the TCA cycle. Ultimately HIF1α is 

overexpressed in CRPC leading to gene transcription responsible for 

angiogenesis, erythropoiesis, cell survival, glucose metabolism and proteolysis.  
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5.3.10 Zinc Chelation By TPEN Has No Effect On Survival Following 

Oxidative Stress in PC3 cells 

 

Zinc is protective to PC3 cells when administered by a 4 hour preconditioning 

protocol so the aim of this experiment was to see if zinc chelation by TPEN removes 

the protective effect and furthermore sensitises cells to death by oxidative stress. 

Similarly to prior experiments PC3 cells were pre-treated with TPEN 1µM, 2µM or 

5µM for 4 hours then H2O2 50µM and cell survival measured (Figure 5.24). High-

dose TPEN treatment alone (5µM) reduced cell survival by 46.3 % (p<0.01) but even 

though there was difference between H2O2 exposed untreated and TPEN 5µM treated 

PC3 cells, (-20.9%, p<0.01), there was no difference in survival between control and 

treated cells within TPEN 5µM group. Leading to the conclusion that TPEN has 

detrimental effects on PC3 cells regardless, and survival following oxidative stress is 

unaffected by zinc chelation. Furthermore, with TPEN 1µM and 2µM doses 

significant reduction was observed with TPEN + H2O2 treated cells, -21.4% and -

11.2% respectively, but these raw values are relatively low percentages and also no 

significant different was seen compared to TPEN-untreated H2O2 control cells. So 

even though cell survival decreased to some degree this was attributed to oxidative 

stress only and independent to TPEN exposure.   
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Figure 5.24 PC3 Survival Following TPEN And Subsequent Exposure To 

Oxidative Stress  

Cell survival was measured by MTT assay in PC3 cells, which were treated 

with TPEN (1µM, 2µM or 5µM) for 4 hours, then exposed to H2O2 50µM of 

in SFM for 24 hours. Cell survival was assessed using MTT assay at 24 hours. 

Triplicate mean ± SEM percentages (%) values of H2O2 controls are plotted. * 

p<0.05, **p<0.01 *** p<0.001 versus H2O2 50µM control  and ## p<0.01 

versus untreated control cells determined by two-way students t-test.  
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5.4 Discussion  

 

One of the key restrictions to successful treatment of CRPC is a resistant cancer 

phenotype, which limits treatment options and in this population clinical outcomes are 

generally poor (95-97). A few recognised resistance mechanisms to chemotherapy 

and radiotherapy used by CRPC have been established (247), however these 

mechanisms are not entirely understood. Pathways of resistance in advanced PCa cells 

have been investigated thoroughly (androgen receptor (AR) amplification, AR 

promiscuity, outlaw and bypass pathways, co-activators and co-repressors, and PCa 

stem cells) and zinc might be implicated in one or more of these pathways. Sources of 

cellular injury and death are numerous, but four key mechanisms exist: oxidative 

stress (i.e. excessive ROS), mitochondrial damage and increased permeability, ATP 

depletion and loss of calcium (Ca2+) homeostasis (307).  Oxidative stress is often 

associated with etiology and progression of disease such as cancer, and resistance to 

oxidative stress is a feature of aggressive cancer phenotype therefore is an important 

area of research to address and understand. This section will review and discuss our 

results in section 5.3 which investigated the role of zinc in CRPC resistance and the 

normoxic overexpression of HIF1α, a negative prognostic marker in PCa, found in 

CRPC-like PC3 cells. 

 

Previously we have demonstrated how PC3 cells are resistant to docetaxel 

chemotherapy in vitro (Figure 3.1), which is also well recognised in published 

literature (337, 401, 402).  Even within the spectrum of CRPC-like cell lines 

compared to DU145, PC3 cells have higher dose tolerance in response to docetaxel, 
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and also two-tyrosine kinase inhibiting (TKI) agents Sunitinib and Sorafenib (251). 

As seen in Figure 5.1, PC3 cells are inherently more resistant to oxidative injury than 

normal prostate epithelial PNT1A cells.  Oxidative stress resistance, one of the main 

mechanisms of cellular injury, could be contributing to PC3 resilience against 

chemotherapeutic agents. One example is cisplatin, which is a platinum based 

chemotherapy agent, which inhibits DNA formation but also induces ROS generation, 

and PC3 cells show higher resistance to cisplatin induced apoptosis (252, 253). 

Therefore, enhanced survival under oxidative stress could be important mechanism in 

CRPC.   

 

Hypoxia-inducible factor 1α (HIF1α) is a transcriptional factor that encodes more 

than 200 genes for cell survival, can ultimately protect against oxidative stress injury, 

androgen deprivation, chemotherapeutic and radiation cytotoxicity (288, 289). HIF1α 

is an independent indicator for biochemical failure following surgery, metastatic 

disease and development of castrate-resistant disease and is therefore a pertinent and 

important marker in PCa research (262, 271-274). In the presence of oxygen HIF1α is 

degraded but in CRPC cells HIF1α is stabilised and conversely an increase in HIF1α 

transcriptional activity is seen (Figure 5.2). HIF1α expression can be stimulated by 

hypoxia (1% oxygen), and Dai et al (403) demonstrated that short-term exposure (≤ 6 

hours) stabilised HIF1α and PC3 cells displayed increased motility, survival, and 

invasive capacity. Ranasinghe et al (262) importantly showed that invasive capacity 

and migration of PC3 cells is HIF1α dependent but also HIF1α expression can be 

induced by the divalent metal ion cobalt (Co2+). It still remains unknown exactly why 

HIF1α is stabilised in normoxia in PCa, but some hypothesis exist including: gene 

amplification, single nucleotide polymorphism, increased HIF1α mRNA transcription 
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and tumor hypoxia dependent stabilisation of HIF1α (288, 404-406). These theories, 

however, have been brought into question. Published evidence suggests genetic 

causes, such as a change in HIF1α promoter and also the presence hypoxia in prostate 

tumours are invalid (268-270). This leaves room for investigation and speculation 

regarding other potential mechanisms responsible for HIF1α protein stabilisation, in 

which the role of divalent metals particularly Zn2+
, is important.  

 

Our results demonstrate that zinc increases HIF1α protein expression in a dose and 

time dependent manner in PC3 cells (Figure 5.4 and Figure 5.5). Only a few other 

published articles have addressed the relationship between HIF1α expression and Zn2+ 

in PCa and although some results conflict the majority have shown a similar effect.  

Our results are supported by Jeong et al (251), who confirmed zinc mediated (ZnSO4) 

increased HIF1α expression in PC3 and DU145 cells and Park et al (396) who also 

reported Zn2+ induced HIF1α in vitro and in vivo. Notably PC3 were more responsive 

to zinc than DU145 cells and also HIF1α expression declined after 4 hours of 

exposure. This article provided the rationale behind our protocol of zinc 

preconditioning treatment being 4 hours in duration. Our results also showed a 

lessened response in LNCaP and DU145 cells but conversely in PC3 cells HIF1α 

expression increased steadily over 24 hours (Figure 5.5), which could be explained by 

different culture medium (RPMI versus DMEM), zinc preparation (ZnCl2 versus 

ZnSO4) or concentration used (10µM versus 200µM). Long-term zinc exposed PC3 

cells (graduated zinc exposure up to 150µM and culture period ≥ 3months) increases 

HIF1α mRNA by 1.4x fold (407).  Only one published article contradicts our results, 

however their in vitro observations that zinc down-regulates HIF1α were drawn from 
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less established PCa cell lines (C27 and C38) rather than the widely studied PC3 cells 

used in our study and also they report a translation of this effect in vivo, but in a non-

prostate (glioblastoma) cell line (235). Zinc is not alone in its ability to mimic 

hypoxia and induce HIF1α, considering that nickel (Ni2+), cobalt (Co2+) and to a 

lesser extent manganese (Mn2+) and vanadium (V) can also increase HIF1α in human 

lung tissue (408) . How relevant these metals are to PCa is questionable since zinc is 

the second most abundant metal in the body and most abundant in the prostate gland 

and furthermore Ni2+ and Co2+are undetectable in PNT1A, LNCaP, DU145 or PC3 

cells (section 4.3.2).  

 

Under normoxic conditions the half-life of HIF1α protein is ~ 5 minutes (409, 410). 

However, Moroz et al (411) propose two phases of HIF1α degradation: an initial 

“rapid” and “slow” clearance mechanism, with the former phase reflecting the 

dynamics of the PHD oxygen-dependent pathway but the latter phase is related to 

oxygen-independent mechanisms. Cobalt inhibits this rapid phase of HIF1α 

degradation, implying zinc could be acting in a similar way but also the different 

phenotypes of normal and cancer cells could allow for alternative mechanisms, which 

explain difference in spatial distribution and stabilisation of HIF1α. One hypothesis is 

that Zn2+ inhibits HIF1α-PHD activity in prostate cells therefore preventing pVHL 

binding of HIF1α.  

 

As highlighted in Figure 5.3, a positive linear correlation exists between normoxic 

HIF1α expression and basal free Zn2+ concentration across four different prostate cell 

lines. To our knowledge no other study has established this relationship and is a 

logical conclusion considering that our results and others have consistently 
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demonstrated that zinc strongly induces HIF1α protein stabilisation.  Furthermore, 

considering the difference between PNT1A and PC3 cells in subcellular distribution 

of free Zn2+ and a state of zinc dyshomeostasis in PCa (section 4.3.5) this could 

account for the different basal HIF1α levels seen in these cell lines.  

 

Phosphorylation of mitogen-activated protein kinase (pMAPK) is part of the MAPK 

pathway that promotes cell proliferation, survival and metastasis which is frequently 

over-activated in cancer and much research have been focused on the development of 

anti-cancer pharmacologic agents aimed to inhibit this pathway (314). Another 

significant survival pathway in cancer cells is the phosphatidylinositide-3-kinase 

(PI3K)/AKT-signaling pathway in which phosphorylated (pAKT) and activated AKT 

leads to inactivation of several proapoptotic proteins and in particular promotes 

radioresistance in human cancers (315). Epithelial-mesenchymal-transition (EMT) is 

a process whereby a depolarisation and loss of normal epithelial cell-to-cell adhesion 

occurs, leading to transition into a mesenchymal phenotype and is an important 

process whereby cancer cells gain malignant potential (316). E-cadherin (epithelial) 

and vimentin (mesenchymal) are both essential markers of EMT, with suppressed E-

cadherin levels found in PCa correlating with metastasis and lower survival, and on 

the contrary elevation of vimentin protein expression positively correlates with the 

invasion and metastatic potential of androgen-independent PCa cells (317-319). 

Although we did not observe any changes in pMAPK, pAKT, vimentin or E-cadherin 

in PC3 (Figure 5.6) or PNT1A cells (Figure 5.8) following zinc treatment, zinc has 

previously been implicated in the activity of these pathways, in particular the 

phosphorylation of MAPKs (320). Intracellular free Zn2+ may have a role in MAPK 

pathways, since free Zn2+ has been shown to activate ERK1/2 phosphorylation, which 
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was inhibited by TPEN in PCa cells but also in cardiac ischemic-reperfusion injury 

free Zn2+ release causes cardiac myocyte apoptosis via activation of MAPK pathways 

(321). No specific connection between zinc treatment and EMT in PCa has been 

established; only that some related transcription factors possess zinc-fingers (OVOL 

and ZEB1) but zinc has been shown to promote EMT in lung cancer and peritoneal 

mesothelioma cells (322-324).  

 

Compared to normal control PNT1A cells (Figure 5.7 and Figure 5.9) and other PCa 

cell lines LNCaP and DU145 (Figure 5.10 and Figure 5.11), PC3 cells have 

consistently had the greatest response to zinc treatment with regards to HIF1α and 

also a lower maximum effective dose (~10µM). This implies that in advanced PCa 

zinc dyshomeostasis can result in altered protein transcription and in particular the 

rapid stabilisation of HIF1α. No comparison can be made for HIF1α expression in 

PC3 cells at zinc concentrations >25µM, for the same reason of toxicity and cell death 

as experienced in previous chapters. Since a high dose of zinc (50µM) did induce 

HIF1α in PNT1A cells but no comparison with PC3 cells was possible, this is one 

limitation of our study. Rationale behind using a consistent dose (ZnCl2 10µM) for the 

majority of experiments, including oxidative stress protection (Figure 5.13 and Figure 

5.14), time dependent HIF1α expression (Figure 5.5 and Figure 5.9), cell proliferation 

(Figure 3.4), total zinc and FluoZin assays (Figure 4.1), was that this dose was both 

safe and strong enough to induce a biological effect in all cell lines from which 

relevant and justified comparisons could be drawn. Increased HIF1α in PNT1A cells 

following ZnCl2 50µM for 24 hours could be a normal result of overwhelming zinc 

uptake, of 53.2x fold (Figure 4.7) and early stages of cellular injury response 

considering that as we have shown in section 3.3.2 by 48 hours there will be virtually 
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100% cell death.  Another limitation was that weak expression of HIF1α in PNT1A 

cells meant some assays, including AFC degradation of HIF1α and Fe2+/Zn2+ 

combined treatment, were unable to be completed in this cell line.  

 

Critical anti-oxidant functions of zinc in CRPC are yet to be fully elicited, but herein 

we have shown promising results that indicate zinc protects PC3 cells against 

oxidative injury (309). As previously highlight oxidative stress is often associated 

with PCa and zinc has been shown to have an anti-oxidant role in prostate tumours in 

vivo (200). Zinc mediated protection was achieved in PC3 cells but not PNT1A cells, 

and given the large increase in HIF1α expression in zinc preconditioned PC3 cells 

(Figure 5.15) and that protection was suppressed in a HIF1α-knock-down model, our 

conclusion is that zinc mediated protection is HIF1α dependent. The discrepancy 

between Figure 5.15 and Figure 5.5 could be attributed to different cell numbers 

which were plated. Anti-oxidant effect of zinc in prostate tissue has also been 

replicated in vivo in rat prostates, whereby zinc reduces elevated oxidant levels (H2O2 

and LPO) and restores anti-oxidant levels (superoxide dismutase (SOD), catalase 

(CAT), glutathione peroxidase (GPx) and glutathione-S-transferase (GST)) levels to 

normal after induced oxidative injury (310). Our aim was to look at cell survival 

overall (MTT) but quantification of these oxidative and anti-oxidant markers would 

be an interesting direction to pursue in future research. We must acknowledge that 

other mechanisms of oxidative resistance in PC3 cells exist besides zinc-HIF1α, such 

as autophagy (eating of dead or dying cells, and engulfment and cannibalism of living 

cells) and entosis (the invasion of living cell into another cell's cytoplasm) (412). 

Also, PC3 resistance to H2O2 could also be attributed to absence of tumour suppressor 

p53 gene in PC3 cells (413). However, PNT1A cells have been transfected with 
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simian virus 40 (SV40), which results in inhibition of p53, therefore it could be 

considered that both PC3 and PNT1A are p53 deficient cell models (252).   

 

Considering our results and that zinc induces protection in WT-PC3 but not HIF1α-

KD-PC3 cells or normal control PNT1A cells, and also significantly increases in 

HIF1α protein in only 4 hours preconditioning as demonstrated by WB in Figure 5.15 

and Figure 5.18, this metal certainly an important role in the survival of CRPC cells 

via a Zn-HIFα pathway. One possible mechanism will be discussed later.  Level of 

HIF1α protein knock-down in transfected cells was ~45% compared to 12 - 16% as 

described by my colleagues (262). Although there was less HIF1α protein knock-

down in the cells used in the current study compared to previously, protein levels of 

50 - 70% less than controls measured by WB following shRNA transfection is 

generally accepted and is difficult to accomplish more (414-416). Also qRT-PCR is 

another method that can be used to quality successful knock-down and measures 

mRNA with >70% reduction considered good and >80% ideal, however this was not 

performed on the HIF1α-KD cells used in this study as WB protein analysis was 

sufficient.   

 

CRPC cells such as PC3 and DU145 are excellent models for stabilised HIF1α protein 

in the presence of oxygen, and therefore can be used to unveil responsible 

mechanisms, which can aid the treatment of PCa and other high HIF1α expressing 

cancers (Table 1.8). In oxygen HIF1α is normally degraded under normoxic 

conditions by iron (Fe2+) mediated prolyl-hydroxylase (PHD) enzymatic proteasomal 

degradation (Figure 1.5) (294). In 2003, Knowles et al (417) described the 

suppression of oncogenically up-regulated HIF1α with iron or ascorbate in PC3, as 
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well as other ovarian and breast cancer cell lines. Our results in CRPC cells, 

particularly PC3 cells, were similar whereby iron administration (AFC) significantly 

reduced HIF1α (Figure 5.20 and Figure 5.19). This signifies that the normal HIF1α 

degradation pathway is still active in these cancer cells, but also gave us the ideal 

opportunity to investigate overexpression.  The rescue of HIF1α protein with Zn2+ in 

the presence of Fe2+ ions (Figure 5.21) suggests that in CRPC-like PC3 cells zinc 

could be stabilising HIF1α protein in normoxia by competing with iron with at the 

PHD binding sites, and this is one possible mechanism of HIF1α stabilisation in PCa 

(Figure 5.23). This is plausible because within the spectrum of divalent metals Zn2+ 

ions have the highest affinity for ligands after Cu2+ (173). In human biology specific 

mechanisms exist, which enable lower affinity metals to populate binding sites on 

ligands with which they are required, for example the subcellular location in which 

the protein folds and obtains a metal ion (418). Since tight cellular zinc homeostasis is 

crucial to a normal cell and we propose that a state of zinc dyshomeostasis exists in 

PCa and the strong relationship between HIF1α and Zn2+ that occurs in these cells, 

high affinity Zn2+ ions could be competing and overriding Fe2+ protein binding sites. 

In hepatoma cancer cells HIF1α degradation occurs primarily in the cytoplasm, 

compared to almost equal distribution between the nucleus and cytoplasm in normal 

control endothelial cells (419). Interaction between HIF1α and pVHL has been 

proposed to occur in the nucleus, then HIF1α ubiquitination occurs and it is exported 

into the cytoplasm for proteasomal degradation. The exact subcellular distribution of 

where HIF1α degradation occurs in PCa is unknown, but on relation to the evidence 

above there appears to be a shift towards the cytoplasm in cancer cells, which could 

be one explanation for a Zn2+ related disruption of this mechanism in CRPC cells. In 

support of our theory Fe2+ is known to have a competitive relationship with Zn2+ in 
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human biology and also another divalent metal Co2+ has been shown to increase 

HIF1α by binding at the hydroxylase active site (388, 389, 398-400, 420). Ascorbate 

has also been shown to reduce over-expressed HIF1α in PC3 cells but was not utilised 

in this study, and therefore acknowledged as a minor limitation and that ascorbate 

could be used as a secondary HIF1α reducing agent against which the HIF1α 

promoting actions of Zn2+ can be measured (417).  Recent evidence has highlighted 

the importance of dysfunctional mitochondria in cancer development and since in the 

prostate gland one of the primary functions of Zn2+ is to allow citrate accumulation by 

inhibiting mAC in the TCA cycle, Zn2+ could be implicated in cancer via this route as 

well (246). In the normal prostate Zn2+ inhibits mAC, which in turn reduces isocitrate 

and 2-oxoglutarate (2-OG), the latter being a co-factor in HIF1α degradation pathway, 

but despite this prostate epithelial cells are still able to degrade HIF1α which 

questions the degree of importance of 2-OG in HIF1α in the prostate. Mutations in the 

encoding gene for isocitrate dehydrogenase (IDH), catalysing enzyme for the 

conversion of isocitrate to 2-OG, have been shown in some prostate cancers and 

sometimes result in increased HIF1α such as glioblastoma multiforme (GBM) (421, 

422). However, it has been proposed that PCa cells undergo bioenergetic 

transformation to become citrate oxidising cells leading to increased 2-OG levels but 

conversely HIF1α expression increases with PCa (423). HIF1α stabilisation in PCa 

may be independent of the availability of oxygen and 2-OG but Zn2+ competition with 

Fe2+ iron regulating PHD hydroxylase activity is an important mechanism worth 

considering.    

 

TPEN is the best, most readily absorbed Zn2+ chelating agent available and has been 

shown to affect the viability of PC3 cells in a Zn-dependent manner (311). TPEN 
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increases HIF1α protein but fails to induce HIF1α target genes, therefore this increase 

is considered non-functional whereas zinc administration enhances active version 

HIF1α (424). The underlying mechanism is that TPEN inhibits the ubiquitination step 

of degradation but also inhibits several steps in activation of HIF1α (424). However, 

an alternative Zn2+ chelator (Clioquinol) has been shown to increase HIF1α targeted 

genes VEGF and EPO in hepatoma and neuroblastoma cells (425).    

 

We did not see any significant detrimental effect of TPEN treatment combined with 

oxidative stress in our preconditioning model (Figure 5.24). Our results do confirm 

however, that TPEN Zn chelation treatment has a potential role in PCa treatment. 

Again our in vitro results, similar to our in vivo observations, were limited by global 

administration of TPEN and resulting toxicity which has been an issue in many 

previous studies (331). It is our opinion though that TPEN administration in a 

different model such as modified TPEN treatment exposure protocol (> 4 hours or 

replacement of Fe2+ and Cu2+) or an alternative injury agent (e.g. docetaxel) might 

yield promising results in concordance with the study by Stuart et al (313) highlights 

that PCa cells intuitively rely on zinc for survival and that targeted TPEN delivery via 

could be a profound development in the treatment of PCa. 
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5.5 Conclusion  

 

PC3 PCa cells are more resistant to oxidative stress injury than normal prostate 

epithelial PNT1A cells. Basal HIF1α protein expression under normoxia is 

significantly higher in CRPC-like PC3 and DU145 cells. There is a positive linear 

correlation between normoxic HIF1α expression and basal free Zn2+ concentration in 

untreated prostate cell lines, suggesting zinc dyshomeostasis in PC3 cells could be 

connected to overexpression of HIF1α.  Zinc induces HIF1α protein expression in 

PC3 cells in vitro, which is also replicated in vivo. Zinc mediated HIF1α expression 

was also observed in PNT1A cells but this was not as substantial. Exposure to 

physiological zinc concentrations has no influence on the expression of pMAPK, 

pAKT or EMT markers in PC3 cells. Zinc can protect PC3 cells against oxidative 

injury and promotes survival by a HIF1α dependent protective mechanism as 

demonstrated in a HIF1α-KD model. No such protection was seen with zinc in normal 

prostate epithelial cells, therefore this effect is unique to CRPC cells. Zinc could be 

essential in the resistant nature of CRPC cells. Iron reduces overexpressed HIF1α in 

PC3 cells and combination Fe2+/Zn2+ treatment rescues HIF1α protein expression 

back to baseline. In CRPC-like PC3 cells Zn2+ ions may be stabilising HIF1α protein 

in normoxia by competing with Fe2+ ions at the PHD binding sites, which ultimately 

leads to transcription of survival genes and resistance to injury such as oxidative 

stress or potentially other agents such as chemotherapy.  
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6.1 Implications of Results  

 
The prostate gland contains the highest concentrations of zinc of any organ or tissue 

in the human body particularly in the zones where tumours development. Zinc is vital 

human existence with 10% of all proteins needing Zn2+ as well as 300+ enzymes. 

Zinc is particularly important to prostate epithelial cells and certainly plays a role in 

PCa development. A vast amount of cancer research is focussed on developing greater 

understanding of PCa carcinogenesis and unlocking potential pathways and 

mechanisms with which to develop innovative and effective treatment regimes. This 

is a particular issue with regards to CRPC because treatment options for this particular 

subgroup of patients is limited, but as highlighted in the works of this thesis, zinc 

could play a key role in treatment development in the future.  

 

In chapter the 3 the role of zinc in PCa cell proliferation and tumour growth was 

investigated. As demonstrated in the results in chapter 3, one characteristic of PC3 is 

resistance to docetaxel chemotherapy and therefore can be considered a suitable 

model to investigate chemotherapy resistance mechanisms in PCa. However, the PC3 

cell model does have limitations and are in many ways divergent to the usual 

phenotype of CRPC seen clinically. In this chapter we demonstrated that PCa cells 

were inherently more sensitive with regards to cell viability to lower zinc 

concentrations compared to normal prostate epithelial cells. Interestingly zinc induces 

a low-proliferation or a survival state in PC3 cells, which has strongly been associated 

with increased resistance to cytotoxic chemotherapy in other cancers (341-343). On 

the contrary supplementation with an alternative divalent cation metal iron (Fe2+) 

significantly increases PC3 cell proliferation, as of yet by an unknown mechanism. 
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Therefore, exposure to physiological zinc concentrations could be resulting a survival 

state of slow-proliferation, and thus increasingly resistant phenotype to 

chemotherapeutic agents, potentiating cell survival in CRPC.  This was an effect, 

which was not significant macroscopically in our in vivo study, which could have 

been limited by design or the rapid growing nature of PC3 xenograft tumours. 

Intriguingly no effect of zinc chelation (by TPEN) was seen in vivo. From these 

results it is clear to conclude that zinc certainly does influence cell proliferation in 

CRPC PC3 cells.  

 

The notion of free Zn2+ is a relatively new concept and because cellular zinc 

homeostasis is a complex multi-factorial mechanism zinc homeostasis in prostate 

cancer cells is poorly understood. As hightlighted in chapter 1, zinc homeostasis is 

controlled by a multitude of factors at any one time, in particular 14 human ZIPs 

(Table 1.1) and 10 ZnT proteins (Table 1.2), as well as numerous intracellular zinc 

buffers (e.g. MTs) (27-37) (24, 32, 34, 38-43).  Chapter 4 primarily focussed ability of 

PCa cells to effectively uptake Zn2+, in particular in those conditions used in chapter 3 

in which we observed a clear biological consequence of zinc exposure.  One theory 

that was challenged by this thesis in chapter 4 is the notion that total zinc levels are 

reduced in PCa. This theory has not be refuted however, but certainly brought into 

question considering that our results showed no significant difference in baseline total 

zinc concentration between cell lines normal prostate epithelial (PNT1A), androgen 

sensitive (LNCaP) and CRPC (DU145 and PC3 cells), or in vivo in PCa xenograft 

tumours in zinc treated SCID mice. However, CRPC-like PC3 and DU145 cells 

contain significantly higher basal free Zn2+, and a state of zinc dyshomeostasis 

appears to exist in advanced PCa. Primarily this consisted of less rigorous 
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homeostasis of free Zn2+ in PC3 cells lower, free/total zinc ratio and subcellular 

distribution sequesterization of Zn2+ to the mitochondria in PC3 cells. This could 

explain results observed in chapter 3 and potential future directions to investigate this 

further will be discussed later.  

 

HIF1α is a well-known prognostic marker in PCa associated with poor prognosis, 

resistance to treatment and development of metastatic disease, however the cause 

over-expression in CRPC remains a mystery. In chapter 5 the role of Zn2+ in a cancer 

survival pathway, specifically oxidative stress via a Zn-HIF1α stabilisation pathway 

was investigated. A significant and reproducible strong association between Zn2+ 

exposure and HIF1α expression was seen in CRPC-like PC3 cells, and a potential 

relationship between zinc dyshomeostasis observed in chapter 4 and HIF1α over-

expression is suggested.   Also zinc protects PC3 cells against oxidative injury, which 

is a relevant mechanism of increasing resistance in the clinical world, by a HIF1α 

dependent protective mechanism as demonstrated in a HIF1α-KD model (252, 253). 

No such protection was in normal cells, suggesting PCa cells have adapted to utilise 

Zn2+ to their advantage, in keeping with survival state seen in chapter 3. Our results 

strongly suggest the potential mechanism is that unregulated Zn2+ ions may be 

stabilising HIF1α protein in normoxia by competing with Fe2+ ions at the PHD 

binding sites, which ultimately leads to transcription of survival genes and resistance 

to injury such as oxidative stress or potentially other agents such as chemotherapy. 

Unlocking this mechanism and specifically targeting the HIF1α stabilisation in 

prostate tumours, by means of a zinc binding antagonist or iron binding agonist for 

example, could drastically impact the prognosis and treatment of CRPC in the future.   
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6.2 Future Directions  

 

As demonstrated from the works of this thesis, zinc plays an important role in 

advanced PCa cell proliferation inducing a survival state in PC3 cells and HIF1α 

protein expression promoting resistance but also the regulation of zinc is altered 

leading to zinc dyshomeostasis. The limitations of experimental methods are 

discussed in each individual chapter, but outlined below are some potential directions 

in which this work could be continued in the future.  

 

Zinc homeostasis is a complex involving multiple ZIP, ZnT and zinc buffers; 

therefore future research should focus only on a few select components of this 

mechanism at any one time. Measuring metallothionein, including isoforms, protein 

expression by WB or mRNA expression by RT-PCR, following exposure to 

physiological zinc (ZnCl2 10µM) in prostate cell lines might explain why intracellular 

free Zn2+ is increased in CRPC cells. Also, another zinc transporter of interest in PC3 

cells is ZnT-2, because in PC3 cells this overexpression of this protein results in 

expansion of mitochondrial zinc and sub sequentially reduces ATP biogenesis and 

mitochondrial oxidation alongside increased apoptosis, related to our findings in 

chapter 3 (54). Invasion (Matrigel) or migration (transwell) assays could be used to 

investigate the effect of zinc on both of these properties. Also, further investigation 

into the subcellular location of Zn2+ can be achieved by using live cell imaging 

immunofluoresent microscopy in PC3, and also other PCa cell lines (LNCaP and 

DU145). Metal composition in PCa is globally affected; in particular LNCaP cells 
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contain higher (Fe2+) compared normal controls and all PCa cell lines exhibit higher 

levels of copper (Cu2+). Future studies could evaluate the effects of iron on androgen-

sensitive cell proliferation, to see if this is stimulated the same as PC3 cells, and also 

the effects of copper administration on PCa cells. In particular zinc appears to 

stabilise HIF1α even in the presence of Fe2+, which could be augmented with Cu2+ 

studies and also importantly metal binding affinity (Zn2+
 Vs. Fe2+) can also be 

measured (426-428). Zinc may also have a role as a biomarker to aid prostate 

diagnosis. Fluorescent zinc sensor assay (ZPP1) suggests that free Zn2+ levels in 

expressed prostatic secretions, therefore quantifying free Zn2+ in urine and prostate 

secretions in normal and PCa confirmed and also performing Zn2+ 

immunofluorescence in fresh PCa tissue would be an interesting clinical research 

direction. Since free Zn2+ is elevated in CRPC, there could be a correlation between 

PCa and free Zn2+ in human tissue samples and secretions. Alternative in vivo models 

to enhance the findings from this thesis could include; more intensive zinc 

administration regime (e.g. OD or BD injections), PC3-HIF-KD xenograft tumours in 

SCID mice or an alternative model in Wilstar rats whereby castrate induced oxidative 

stress can be used to ascertain if zinc is protective against oxidative stress in vivo 

(429).  HIF1α silencing does not enhance the antitumour effect of the 

chemotherapeutic agent docetaxel in PC3s but is effective in DU145 cells. When both 

HIF1α and HIF2α were silenced the effects of two-tyrosine kinase inhibiting (TKI) 

agents Sunitinib and Sorafenib can be augmented. Therefore zinc chelation with 

TPEN in conjunction with these agents is certainly worth considering, especially as 

we have clearly shown that zinc induces HIF1α expression in PC3s and could be 

ultimately responsible for the Zn-HIF1α resistance mechanism. New studies could 

also help overcome the issue of safe and specific delivery of TPEN to PCa cells.  
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Appendix A- ISUP Modified Gleason System (2005) 

 

Gleason 

Grade 

Histological Features 

1 Circumscribed nodule of closely packed but separate, uniform, rounded to oval, 
medium-sized acini (larger glands than pattern 3) 

2 Like pattern 1, fairly circumscribed, yet at the edge of the tumor nodule 
there may be minimal infiltration 
Glands are more loosely arranged and not quite as uniform as Gleason 
pattern 1 

3 Discrete glandular units 
Typically smaller glands than seen in Gleason pattern 1 or 2 Infiltrates in and amongst 
nonneoplastic prostate acini Marked variation in size and shape 
Smoothly circumscribed small cribriform nodules of tumor 

4 Fused microacinar glands 
Ill-defined glands with poorly formed glandular lumina Large cribriform glands 
Cribriform glands with an irregular border Hypernephromatoid 

5 Essentially no glandular differentiation, composed of solid sheets, cords, or 
single cells 
Comedocarcinoma with central necrosis surrounded by papillary, cribriform, or solid 
masses 

 

Original table from Epstein et al. (85) 
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Appendix B - TNM Classification for Prostate Cancer 

Primary tumour (T) 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

T1 Clinically inapparent tumour not palpable or visible by imaging 

T1a Tumour incidental histologic finding in ≤5% of tissue resected 

T1b Tumour incidental histologic finding in >5% of tissue resected 

T1c Tumour identified by needle biopsy (because of elevated PSA level) 

T2 Tumour confined within prostate; tumors found in 1 or both lobes by needle biopsy but not palpable or 

reliably visible by imaging 

T2a Tumour involves one-half of 1 lobe or less 

T2b Tumour involves more than one-half of 1 lobe but not both lobes 

T2c Tumour involves both lobes 

T3 Tumour extends through the prostatic capsule; invasion into the prostatic apex, or the prostatic capsule is 

classified not as T3 but as T2 

T3a Extracapsular extension (unilateral or bilateral) 

T3b Tumour invading seminal vesicle(s) 

T4 Tumour fixed or invades adjacent structures other than seminal vesicles (eg, bladder, levator muscles, 

and/or pelvic wall) 

Pathologic (pT)* 

pT2 Organ confined 

pT2a Unilateral, involving one-half of 1 lobe or less 

pT2b Unilateral, involving more than one-half of 1 lobe but not both lobes 

pT2c Bilateral disease 

pT3 Extraprostatic extension 

pT3a Extraprostatic extension or microscopic invasion of the bladder neck 

pT3b Seminal vesicle invasion 

pT4 Invasion of the bladder and rectum 

*Positive surgical margin should be indicated by an R1 descriptor (residual microscopic disease). 

Regional lymph nodes (N) 

Clinical 

NX Regional lymph nodes were not assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in regional lymph node(s) 

Pathologic 

PNX Regional nodes not sampled 

pN0 No positive regional nodes 

pN1 Metastases in regional nodes(s) 

Distant metastasis (M)* 

M0 No distant metastasis 
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M1 Distant metastasis 

M1a Nonregional lymph nodes(s) 

M1b Bone(s) 

M1c Other site(s) with or without bone disease 

*If more than 1 site of metastasis is present, use the most advanced category (pM1c). 

 

Original Table from Sobin et al (88) 
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Appendix C - Prostatic Zones and Systematic Biopsy Template 

 

 
Original figure (430) 
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Appendix D – Animal Welfare Monitoring Sheet 

ANIMAL MONITORING SHEET  
Version: # 

Date: DD/MM/YYYY 
 

AEC Project No  
Investigator  
Cage/Animal ID Number  
Species & Strain  
Animal Details (sex, age etc..)  

 
• Each animal is examined and observed for abnormalities at each time point (weekly or daily as 

appropriate) 
• Observations are recorded in the table (refer to last page for scoring) 
• Normal clinical signs are recorded as “N” and abnormalities are recorded as “A” 
• Severity of each abnormality is scored in brackets, e.g., “Breathing: A (3)” 
• Comments concerning abnormalities are recorded in the comments section of the table 
• Additional observations tailored to the monitoring requirements for each experiment are added at 

“Other” 
• Surgical site appearance is checked daily for several days. 

 
 

CLINICAL OBSERVATION 
(N or A) 

 
WEEK No. = ______ 

DATES  
       

CATEGORY 1 SIGNS 
Activity        
Alert/Sleeping        
Coat        
Faeces        
Movement/gait        
Nose        
Vocalisation        
TOTAL CAT 1         

CATEGORY 2 SIGNS 
Body condition        
Body weight (g)        
Breathing        
Dehydration        
Drinking        
Eating        
Eyes        
TOTAL CAT 2         
 
OVERALL TOTAL 

       

TUMOUR 
Tumour Size (mm2) 
 

       

Tumour Necrosis (%)        
Tumour Ulceration (%)        
OTHER (specify)        
COMMENTS  
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CLINICAL SIGNS SEVERITY SCORE – Category I (1-3) 
 
SIGNS 
 

0 1 2 3 

Activity normal isolated, 
abnormal 
posture 

huddled/inactive 
OR overactive 

moribund 
OR fitting 

Alertness/Sleeping normal dull or 
depressed 

little response to 
handling 

unconscious 

Coat normal coat rough unkempt; wounds, hair 
thinning 

bleeding or infected 
wounds, or severe 
hairloss or self 
mutilation 

Faeces normal faeces 
moist 

loose, soiled perineum  Presence of diarrhoea 
for 48 hours  OR no 
faeces for 48 hrs OR 
presence of blood on 
faeces 

Movement/ 
gait 

normal slight OR 
abnormal 
gait 

walking on tiptoe OR 
reluctance to move  

staggering OR limb 
dragging OR paralysis 

Nose normal wetness discharge Obstruction of nasal 
passages or constant 
purulent discharge 

Vocalisation normal squeaks 
when 
palpated 

struggles and squeaks 
loudly in response to 
handling of a body 
part & signs of 
aggression 

persistent and repetitive 
vocalisation without 
handling 

Surgical site 
appearance 

normal 
(no 
swelling 
or 
redness) 

mild 
redness, 
mild 
swelling of 
wound 

Presence of discharge 
and presence of 
moderate swelling 

redness and swelling of 
the wound OR loss of 
wound clip and/or 
separation of wound 
edges. *Euthanasia if re-
suturing and/or surgical 
intervention fails 

 
CLINICAL SIGNS SEVERITY SCORE – Category II (1-3) 
 
SIGNS 
 

0 1 2 3 

Body condition normal thin loss of body fat, 
failure to grow 

loss of muscle mass that 
enables palpation of the 
spine 

Body weight normal 
weight 
and 
growth 
rate 

reduced growth 
rate 

Chronic weight loss 
>10%** OR failure to 
grow 

acute weight loss>10% * 
chronic weight loss 15% 
** OR failure to grow for 
juveniles or failure to 
stabilise body weight 

Breathing normal rapid, shallow rapid, abdominal 
breathing 

laboured, irregular, or 
gaping mouth breaking, 
and/or blue skin 

Dehydration none skin less elastic skin tenting skin tenting & eyes 
sunken 

Drinking normal increased OR 
decreased 
intake over 24 
hrs 

increased OR 
decreased intake over 
48 hours 

constantly drinking OR 
not drinking over 24 
hours 

Eating normal increased OR increased OR obese OR not eating over 



REFERENCES AND APPENDICES 
 
 

VII 

decreased 
intake over 24 
hours 

decreased intake over 
48 hours 

48 hours 

Eyes normal wetness or 
dullness 

discharge Vision obstructed 

Other     
     
*, Acute refers to the weight loss occurring within 2 days.  
**, Chronic refers to the weight loss occurring within 7 days; 
 
EUTHANASIA/HUMANE EXPERIMENTAL ENDPOINT CRITERIA 
 

1) Category I clinical signs:  
• Mandatory euthanasia should be performed if an animal scored 3 for any clinical 

signs from column 3.  
• Separate from the condition above, the animals will be closely monitored or 

euthanised based on the total scoring system as given below. 
 

Total Score Classification/Action 
0-2 Good Health 
3-8 Health to be monitored daily 
9-12 Poor Health – Observe animals twice daily, if no improvement within 48 

hours mandatory euthanasia 
13 and above Mandatory euthanasia 

 
2) Category II clinical signs:  

• Mandatory euthanasia should be performed if an animal scored 3 for any clinical 
sign from column 3. This includes acute ( >10%) or chronic ( >15%) weight loss. 

 
• Animals with clinical signs with a single score of 4 will be closely monitored 

(twice daily) and consider for euthanasia if the condition is deteriorating. 
 

• Separate from the two conditions above, the animals will be closely monitored 
or euthanised based on the total scoring system as given below.   

 
Total Score Classification/Action 
0-2 Good Health 
3-8 Health to be monitored daily 
9-12 Poor Health – Observe animals twice daily, if no improvement within 48 

hours mandatory euthanasia 
13 and above Mandatory euthanasia 

 

	


