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ABSTRACT
Zinc ions (Zn2+) are known to influence cell survival and proliferation. However
the homeostatic regulation of Zn2+ and their role in prostate cancer (PC) progression is
poorly understood. Therefore the subcellular distribution and uptake of Zn2+ in PC cells
were investigated. Inductively coupled plasma mass spectroscopy and fluorescent
microscopy with the Zn2+-specific fluorescent probe FluoZin-3 were used to quantify
total and free Zn2+, respectively, in the normal prostate epithelial cell line (PNT1A)
and three human PC cell lines (PC3, DU145 and LNCaP). The effects of Zn2+ treatment
on proliferation and survival were measured in vitro using MTT assays and in vivo
using mouse xenografts. The ability of Zn2+ to protect against oxidative stress via a
HIF1α-dependent mechanism was investigated using a HIF1α knock-down PC3 model.
Our results demonstrate that the total Zn2+ concentration in normal PNT1A and PC
cells is similar, but PC3 cells contain significantly higher free Zn2+ than PNT1A cells
(p < 0.01). PNT1A cells can survive better in the presence of high concentrations of
Zn2+ than PC3 cells. Exposure to 10 µM Zn2+ over 72 hours significantly reduces PC3
cell proliferation in vitro but not in vivo. Zn2+ increases PC3 cell survival up to 2.3fold under oxidative stress, and this protective effect is not seen in PNT1A cells or
in a HIF1α-KD PC3 cell model. A state of Zn2+ dyshomeostasis exists in PC. HIF1α
is an integral component of a Zn2+-dependent protective mechanism present in PC3
cells. This pathway may be clinically significant through its contribution to castrateresistant PC survival.

INTRODUCTION

80% [3]. Excessive Zn2+ is toxic to cells, and therefore
regulated homeostasis is critical, but the homeostatic
mechanism in PC is poorly understood. Human serum Zn2+
concentrations range from 10 to 25µM, most of which is
bound to proteins, and the interstitial Zn2+ concentration
is normally 2 to 5 μM [4]. The majority of Zn2+ is tightly
bound and considered inactive, and the amount of free
Zn2+, which is considered biologically active, is in the
pM to nM range [5]. Unlike most cells in which Zn2+
is sequestered into vesicles and organelles, in normal
prostate cells 35% of free Zn2+ in located in the cytoplasm
and 30% is sequestered in the mitochondria [6]. The recent
development of fluorescent probes specific for the Zn2+ ion

The essential trace metal zinc, as the divalent Zn2+ ion,
is a critical structural component of many proteins including
transcription factors, and a component and/or co-factor for
> 300 enzymes [1]. The prostate gland contains a very high
concentration of zinc ions particularly in the peripheral zone,
where most prostate tumours occur. In a normal prostate
epithelial cell, zinc ions inhibit the mitochondrial enzyme
aconitase (mAC), and consequently citrate accumulates and
is secreted at high concentrations into seminal fluid [2].
Compared to the normal prostate, the Zn2+
concentration in prostate cancer (PC) is reduced by
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has made quantifying free Zn2+ achievable via fluorescent
microscopy/spectroscopy, but their application in PC has
been limited and little is known about the intracellular
free Zn2+ concentration, Zn2+ uptake, or the subcellular
distribution of Zn2+ in PC cells [7].
Zn2+ treatment has been shown to reverse the effects
of oxidative stress in vivo and to increase resistance to
chemo- or radiation-induced apoptosis. Therefore, Zn2+
has been implicated in PC survival mechanisms [8].
Hypoxia-inducible factor 1α (HIF1α) forms part of a
transcriptional complex which stimulates the expression
of > 200 survival genes in response to hypoxia. We have
previously demonstrated that overexpression of HIF1α
in PC is an independent indicator for PC recurrence,
metastatic spread and progression to castration-resistant
prostate cancer (CRPC) [9].
The aims of the present study were to measure
baseline free and total Zn2+ concentrations in PC cells and
determine the role of Zn2+ in the proliferation of prostate
cancer cells in vitro and in vivo. Finally, the ability of
Zn2+ to protect against oxidative stress, and in particular
the role of Zn2+ in a HIF1α-dependent mechanism, were
investigated.

To rule out the possibility that a difference in Zn2+
uptake between PC3 and PNT1A cells could account for
the higher free Zn2+ in PC3 cells, intracellular free Zn2+
was measured using FluoZin-3 following treatment of
both cell types with 10 µM Zn2+. Surprisingly free Zn2+
was actually higher in PNT1A cells than in PC3 cells
(Figure 1C). At a higher Zn2+ concentration of 50µM, the
fold increase in intracellular free Zn2+ was similar in both
cell lines (p > 0.05) (Figure 1D). Thus the increased free
Zn2+ in PC3 cells is not due to more rapid Zn2+ uptake.
To investigate further the disparity in Zn2+
homeostasis between PC3 and PNT1A cells, the
distribution of Zn2+ was evaluated using MitoTracker Red
FM (a far red-fluorescent mitochondrial dye) and Hoechst
33342 (a blue nuclear DNA stain) in combination with
FluoZin-3 (a green Zn2+ indicator). Untreated PC3 cells
(Figure 2A) appeared to have larger, distinct intracellular
Zn2+ pools, which were located more peripherally than
in PNT1A cells (Figure 2B). Following exposure to
10µM ZnCl2, Zn2+ was rapidly (30 min) co-localised
to the mitochondria in both cell lines as assessed by
coalescence of green and red fluorescence to form
yellow. This phenomenon persisted for up to 120 min in
PNT1A cells, and beyond 240 min in PC3 cells, before
distinct Zn2+ pools reappeared similar to the appearance of
untreated control cells. The scatter plots in Figure 2A and
Figure 2B illustrate the prolonged co-localisation of Zn2+
to the mitochondria. The Pearson correlation coefficient
(PCC) has been recommended as the gold-standard
assessment tool to quantify the degree of co-localisation
between two fluorophores [10]. Zn2+ was localised to
the mitochondria in both the cell lines at 120 min post
Zn2+ treatment, however at 240 min a clear divergence in
behaviour of each cell line was visible with PNT1A cells
rapidly returning to the pre-treatment distribution but PC3
cells continuing to localise Zn2+ to the mitochondria (p <
0.001) (Figure 2C). Thus baseline free Zn2+, Zn2+ uptake
and subsequent subcellular distribution of Zn2+ in CRPClike PC cells was strikingly different to normal prostate
epithelial cells.

RESULTS
Intracellular distribution of Zn2+ is altered in
CRPC-like cells
Zn2+ is abundant in prostate tissue, but cellular Zn2+
homeostasis is complex and poorly understood in PC. To
address this issue total Zn2+ in normal and PC cell lines
was measured by Inductively Coupled Plasma Mass
Spectroscopy (ICP-MS), which accurately detects Zn2+
concentrations as low as 0.5 ppb. Zn2+ concentrations
(ppb) were 52 ± 8, 79 ± 19, 80 ± 17 and 57 ± 5 for
PNT1A, LNCaP, DU145 and PC3 cells, respectively, and
there was no significant difference in baseline total Zn2+
concentration between normal and PC cells (Figure 1A).
Nearly all intracellular Zn2+ ions are tightly bound
to proteins and are considered inactive with regard to
dynamic biological processes. The very small fraction
of free Zn2+ ions is biologically active and critical to
the physiological functions of the cell. A transformation
in the pool of free Zn2+ caused by carcinogenesis could
dramatically alter enzymatic reactions and nuclear
transcription, thus altering normal cellular functions,
including increased survival. Therefore, the concentration
(nM) of free Zn2+ ions was quantified using a fluorescent
indicator specific for Zn2+ (FluoZin-3) in all four prostate
cell lines (Figure 1B). 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 CRPClike PC3 and DU145 cells contained significantly higher,
and the androgen-sensitive LNCaP cells significantly
lower, free Zn2+ compared to PNT1A cells (p < 0.01).
www.impactjournals.com/oncotarget

Exogenous Zn2+ is cytotoxic to prostate cells at
high doses
The effect of zinc ions on prostate cell lines was
investigated in vitro in order to ascertain the sensitivity
to Zn2+ of normal prostate cells compared to cancer cells.
The dose-response of normal prostate (PNT1A), androgensensitive (LNCaP) and CRPC-like prostate cancer cells
(PC3) to Zn2+ (ZnCl2) was measured using an MTT cell
survival/proliferation assay. All cell lines tolerated exposure
to low ZnCl2 concentrations (12.5 µM) for 24 hours with
93%, 91% and 113%, of PC3, LNCaP and PNT1A cells
surviving, respectively (Figure 3A). However, at 25 µM
Zn2+ cell survival was 19% in PC3 and 28% in LNCaP
compared to 104% in PNT1A cells. Furthermore at a
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higher concentration (50 µM) Zn2+ was cytotoxic to all three
cell lines. This observation suggests that normal prostate
epithelial cells can survive better in the presence of higher
concentrations of Zn2+ than prostate cancer cells.
Accumulation and utilisation of Zn2+ is a significant
property of prostate epithelial cells. We investigated the
effect of Zn2+ on PC cell proliferation in vitro and in
vivo. A low well tolerated dose of ZnCl2 (10 µM) was
selected for a long-term (72 hour) MTT cell proliferation
assay. At 72 hours relative cell numbers increased 3.8
± 0.5 fold in Zn2+-treated PC3 cells, and the increase
was significantly lower than in untreated cells which
increased by 6.6 ± 0.8 fold (p < 0.001) (Figure 3B).
Exposure to Zn2+ had a significant effect on proliferation
of PNT1A but no effect on LNCaP cells (Figure 3C and
3D). The possibility that serum starvation might affect
the viability was confirmed in the case of normal prostate
PNT1A cells as viability was decreased at the 72 hr time
point under serum starvation either in the presence or

absence of zinc (Ctrl). In contrast cancer ous LNCaP and
PC3 cells maintained viability over 72 hr.
To supplement the in vitro observations of the
effects of Zn2+ on PC cell proliferation, SCID mice with
established PC3 xenograft tumours were injected twice
weekly with ZnCl2 (3 mg/kg or 10 mg/kg) (Figure 3E).
Mice were randomised (up to n = 7 per group) to either
Zn2+-treated or control groups. Tumour volumes (mm3)
were measured daily with micro-callipers and the values
expressed as percentage increase compared to day zero.
No significant difference in tumour volume was observed
over the 2 week treatment period. In addition, treatment
with the Zn2+ chelator TPEN at 3 mg/Kg or 10 mg/Kg had
no effect on tumour growth. Thus Zn2+ does not stimulate
or inhibit prostate tumour growth in vivo. Furthermore a
higher dose of Zn2+ (20 mg/Kg) was toxic and all mice in
this treatment group were culled after a maximum of 2
doses (data not presented). A higher dose of TPEN (20 mg/
Kg) also resulted in toxicity.

Figure 1: CRPC-like cells contain significantly higher basal free Zn2+ ions but equal total zinc compared to normal
controls. (A) Total zinc concentration (ppb) measured by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) in untreated PNT1A,

LNCaP, DU145 and PC3 cells. (B) Baseline intracellular free zinc (Zn2+) concentration (nM) was measured using a FluoZin-3 fluorescent
probe in the same 4 prostate cell lines. Zn (nM) = Kd x (F-Fmin)/(Fmax-F) was used to calculate zinc concentration. Intracellular Zn2+
uptake following exposure to 10 μM (C) or 50 μM (D) ZnCl2 for 4 or 24 hours was measured in PNT1A and PC3 cells. ***p < 0.001 PNT1A
vs. PC3 ##p < 0.05 and ##p < 0.01. Values are expressed as the mean ± SEM of at least three separate experiments.
www.impactjournals.com/oncotarget
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Figure 2: Co-localisation of Zn2+ to mitochondria in prostate cells. (A) PC3 cells and (B) PNT1A cells were exposed to 10

μM ZnCl2 for 30, 120 and 240 minutes and stained with Hoechst (DAPI), FluoZin-3 (FITC) and MitoTracker (TRITC) fluorescent dyes.
Immunofluorescent microscopy images were acquired at 60× (oil immersion) magnification using a Nikon DS-Qi 1Mc Camera with 250
ms, 120 ms and 35 ms exposure times for DAPI, FITC and TRITC channels respectively. Composite images were created by merging blue
(DAPI), green (FITC) and red (TRITC) channels. FITC and TRITC colour intensity for each pixel in the corresponding composite image
is plotted on scatter plots. (C) Co-localisation of Zn2+ to mitochondria for PNT1A and PC3 cells was estimated using Pearson correlation
coefficient between FITC (FluoZin-3) and TRITC (MitoTracker) colours. Values are expressed as fold change compared to time 0 hours.
Statistical significance for the PNT1A vs. PC3 comparison was determined using the Bonferroni-Sidak method with α = 0.05. ***p < 0.001.
Values are expressed as the mean ± SEM of at least three separate experiments.

Figure 3: Zinc chloride treatment inhibits in vitro cell proliferation in CRPC-like PC3 cells. (A) Cell viability in PNT1A,

LNCaP and PC3 cells after 48 hours of exposure to various concentration of ZnCl2 was analysed by MTT assay. Proliferation of cells
exposed to serum-free medium only (Ctrl) or to ZnCl2 was assessed by MTT assay at 0, 24, 48 and 72 hours respectively in (B) PC3, (C)
PNT1A and (D) LNCaP cells. Statistical analysis using one-way ANOVA (Ctrl vs. Zinc) was performed *p < 0.05, **p < 0.01 and ***p <
0.001. Values are expressed as the mean ± SEM of at least three separate experiments. (E) PC3 xenograft tumour volume in SCID mice
in three treatment arms: control (n = 7), ZnCl2 3mg/Kg (n = 3) and ZnCl2 10mg/Kg (n = 7). Arrows represent the days of ZnCl2 or saline
(control) IP injection. The percentage increase compared to day 0 was calculated and the mean ± SEM plotted. Statistical analysis was
calculated by two-way ANOVA. #p < 0.05, ZnCl2 3 mg/Kg versus control.
www.impactjournals.com/oncotarget
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Zn2+ augments resistance of PC3 cells to
oxidative stress

Expression of HIF1α is upregulated by hypoxia and also
by Zn2+ ions [11]. We have previously demonstrated that
HIF1α is overexpressed in PC3 compared to LNCaP
cells under normoxic conditions and that it contributes
to resistance to H2O2 and chemotherapeutics such as
5-fluorouracil [9]. Therefore in this study, the basal
expression of HIF1α in PNT1A cells, which contain low
concentrations of free Zn2+, was compared to PC3 cells.
Basal expression of HIF1α was significantly greater (21 ±
5 fold) in PC3 cells compared to LNCaP cells (p < 0.01)
(Figure 5A). Interestingly, normal PNT1A cells expressed
up to 4.5 ± 2.3 fold more HIF1α protein than LNCaP
cells, and another CRPC-like cell line (DU145) expressed
12.0 ± 3.6 fold higher HIF1α protein. Overall there was a
linear correlation (r2 = 0.97) between HIF1α expression
and concentration of free Zn2+ in untreated normal prostate
epithelial and PC cell lines (Figure 5B). Exogenous Zn2+
further increased expression of HIF1α in a dose- and timedependent manner in PC3 cells, with a maximal increase
of 8.9 ± 2.4 fold at 10 µM Zn2+ (Figure 5C). Maximal
stimulation of HIF1α expression was observed in PNT1A
cells at 50 µM Zn2+, a concentration which was cytotoxic
to PC3 cells (Figure 5D). HIF1α stimulation by Zn2+ in

Our previously published study revealed that
LNCaP cells, which contain low free Zn2+, are more
sensitive to oxidative stress than PC3 cells, which contain
high free Zn2+ [9]. Therefore, we hypothesized that the
higher free Zn2+ concentration in CPRC-like DU145
and PC3 cells, compared to either normal prostate
PNT1A cells or androgen sensitive LNCaP cells, may
be responsible for the increased resistance of CRPC-like
cells to various stresses. Indeed the basal IC50 value
for resistance to H2O2 was significantly higher at 45.3
µM for PC3 cells compared to 1.8 µM in PNT1A cells
(Figure 4A). Furthermore exogenous Zn2+ can further
increase resistance to oxidative stress by H2O2 in PC3 cells
(with a maximal 2.3 fold greater survival at 10µM Zn2+)
(Figure 4B), but not in benign PNT1A cells (Figure 4C).

Zn2+ induces HIF1α in prostate cancer cells
HIF1α is a transcription factor that initiates
molecular responses to protect against cellular injury.

Figure 4: Zn2+ mediated protection against oxidative stress injury in PC3 cells. (A) Cell survival/proliferation was measured

by MTT assay. The data demonstrates increased resilience in PC3 cells compared to PNT1A under oxidative stress induced by increasing
concentrations of H2O2. Cell survival was measured by MTT assay in (B) PC3 and (C) PNT1A cells preconditioned with the indicated
concentrations of ZnCl2 for 4 hours followed by oxidative stress (75 μM H2O2 for 24 hours). Values are expressed as the mean ± SEM of
at least three separate experiments.
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8468

Oncotarget

PC3 cells was time dependent and occurred as rapidly as 2
h post-exposure (Figure 5E). Increased HIF1α expression
was only seen after 24 h in PNT1A cells (Figure 5F).

reduction in the protection conferred by Zn2+ in HIF1α-KD
cells implies that HIF1α is an important component of the
Zn2+-dependent protective mechanism present in PC3 cells.
However, as there was some protection still evident in the
Zn2+-pre-conditioned HIF1α-KD cells, Zn2+ ions might be
activating alternate mechanisms.

Resistance to oxidative stress in PC3 cells is
regulated by HIF1α

Zn2+ ions competitively inhibit HIF1α
degradation by displacing Fe2+ ions

Having observed a protective effect of exogenous
Zn in wild-type PC3 cells, in order to test the hypothesis
that this protection was HIF1α dependent, the ability of
Zn2+ to protect against oxidative stress was examined
in a clone of PC3 cells which had been transfected with
HIF1α shRNA (HIF1α knock-down or HIF1α-KD cells)
[9]. As demonstrated in Figure 6A, HIF1α expression in
the HIF1α-KD cell line was reduced by nearly 50% to
0.50 ± 0.06 fold compared to wild-type PC3 cells. Preconditioning with ZnCl2 (10 µM for 4 hours) significantly
increased HIF1α expression by 15.4 ± 3.5 fold in PC3
cells (p < 0.001) (Figure 6B). A smaller fold increase in
HIF1α expression of 4.5 ± 1.5 was observed in HIF1α-KD
PC3 cells. Furthermore, in the HIF1α-KD PC3 cell line a
significant protective effect of Zn2+ pre-conditioning against
oxidative injury was not observed (Figure 6C), unlike the
previous results in wild-type PC3 cells (Figure 4B). The
2+

In many cell types HIF1α is degraded under
normoxic conditions by two key sequential processes:
firstly the hydroxylation of HIF-α subunits, by prolylhydroxylase (PHD) enzymes in an oxygen- and iron
(Fe2+)-dependent reaction, promotes binding to the pVHLE3-ubiquitin complex, and secondly HIF1α is destroyed
by proteasomal degradation [12]. However, in PC cells
under normoxia HIF1α degradation is minimal and
there is no decrease in HIF1α translational activity. The
exact mechanism is unknown but the available evidence
suggests that Zn2+ ions compete with Fe2+ ions for binding
at the active sites of PHDs [13, 14]. In agreement with
this hypothesis treatment of CRPC-like cells, which in
normoxic conditions over-express HIF1α, with ammonium

Figure 5: Zn2+ induces HIF1α protein expression in PC3 cells in a time- and dose-dependent manner. (A) Baseline
normoxic HIF1α expression is high and (B) correlates with free Zn2+ concentration in PC cells. HIF1α protein expression following
treatment with increasing concentrations of ZnCl2 for 24 hours was analysed by Western blot in (C) PC3 and (D) PNT1A cells. Zinc ionstimulated HIF1α protein expression was measured at the indicated times by Western blot in (E) PC3 and (F) PNT1A cells. *p < 0.05, **p <
0.01 and ***p < 0.001. Values are expressed as the mean ± SEM of at least three separate experiments.
www.impactjournals.com/oncotarget
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ferric citrate (AFC) resulted in the degradation of HIF1α
to 29% and 20% in DU145 and PC3 cells, respectively,
compared to untreated control cells (Figure 7A). More
importantly, in the presence of iron, Zn2+ rescued HIF1α
expression by 3.5 ± 0.95 fold compared to virtually
complete degradation of the HIF1α protein in cells
treated with AFC alone (p < 0.05) (Figure 7B). These
observations are consistent with the above hypothesis
that Zn2+ ions stabilise the HIF1α protein in the presence
of oxygen in PC cells by competing with Fe2+ ions for
binding at the PHD active site (Figure 7D).

deficiency leads to inhibition of growth [15, 16]. Zn2+
stimulates Hep-2 tumour cell proliferation and mitogenic
signalling [17], and conversely inhibits proliferation
and invasion/migration in some cells including prostate
cancer cells [18]. In this study, we have demonstrated that
exogenous Zn2+ (greater than 15µM) is cytotoxic to prostate
cancer cells in vitro. Furthermore as normal PNT1A
prostate cells had higher IC50 values for Zn2+ toxicity
compared to prostate cancer PC3 cells we concluded that
prostate cancer cells are more sensitive to the cytotoxic
effect of Zn2+ compared to normal cells. In another study,
IC50 values of Zn2+ treatments were 194 μM for non-tumour
PNT1A cells and 94 μM for PC3 tumour cells [19]. The
discrepancy in IC50 values between the two studies may be
attributed to the fact that MTT assays in the Masarik et al.
study were carried out in the presence of FBS which would

DISCUSSION
Zn2+ is essential for cell proliferation and especially
for the regulation of DNA synthesis and mitosis, and Zn2+

Figure 6: The protective role of Zn2+ against oxidative injury in PC3 cells is HIF1α dependent. A HIF1α knock-down

PC3 cell line (HIF1α-KD) was created by transfection of a shRNA vector expressing HIF1α into wild-type (WT) PC3 cells resulting in
(A) suppression of HIF1α expression on Western blot. (B) HIF1α protein expression in PC3-WT and PC3-HIF1α-KD cells following
pre-treatment with 10μM ZnCl2 for 4 hours was measured by Western blot. (C) Survival/proliferation was measured by MTT assay in
HIF1α-KD cells following preconditioning with ZnCl2 for 4 hours then exposure to oxidative stress (75 μM H2O2 for 24 hours). Values are
expressed as the mean ± SEM of at least three separate experiments.
www.impactjournals.com/oncotarget
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confer a putative survival advantage [20, 21]. Our results
are in agreement with a previous study where CRPC-like
DU145 cells were shown to be more sensitive to Zn2+ than
another normal prostate cancer cell line RWPE-1 [22].
Overall, these observations suggest Zn2+ has a cytotoxic
effect on prostate cancer cells in vitro and, because of this
anti-proliferative effect, Zn2+ has been hypothesised to be a
tumour suppressor in prostate cancer [23].
However, if Zn2+ is to be effective as an anti-cancer
therapy, its cytotoxic effects need to be observed in vivo.
Shah et al. [24] injected zinc acetate directly into PC3
xenograft tumours and observed a significant reduction in
tumour volume. The concentration of Zn2+ administered
in the Shah et al. study [24] equates to 3mM ZnCl2, which
would immediately be toxic to both normal and cancerous
cells, as demonstrated in vitro in (Figure 3A). Although
intra-tumoural injection in a mouse xenograft tumour
model is achievable, the multifocal nature of prostate
tumours limits its application in the clinic. Previously a
mouse xenograft study using PC3 cells demonstrated that

a sustained subcutaneous dosage of zinc sulfate (0.51 mg
elemental Zn over 28 days) increased the plasma Zn2+
concentration by ~90%, and resulted in ~50% inhibition (P
< 0.05) of tumour growth [25, 26]. In contrast, our results
demonstrated that 10 mg/kg ZnCl2 (0.4 mg elemental
Zn over 14 days) treatment has neither an accelerating
nor inhibiting effect on tumour growth (Figure 3E).
Previously a single intra-peritoneal injection of 10 mg/kg
ZnCl2 into SCID mice has been shown to increase free
intracellular Zn2+ and induce gastrin gene expression in
colon cancer cells grown as xenograft tumours [21] and
two subcutaneous injections of 10 mg/kg ZnCl2 into rats
protects against renal ischemia reperfusion injury [11].
This suggests that ZnCl2 at a10 mg/kg dose is able to
stimulate a multitude of biological effects without any
toxicity. It could be argued that the 10 mg/kg ZnCl2 dose
was not enough to cause anti-tumour effects and that a
higher Zn2+ dose would have reduced tumour growth.
However the fact that 20 mg/kg ZnCl2 resulted in severe
toxicity in mice precludes the use of high doses of Zn2+.

Figure 7: Zn2+ ions competitively inhibit HIF1α degradation by displacing Fe2+ ions. (A) HIF1α protein was degraded in
the presence of ammonium ferric citrate (AFC) in DU145 and PC3 cells. (B) The reduction in HIF1α expression in the presence of iron
was partially reversed by Zn2+ in PC3 cells. Values are expressed as the mean ± SEM of at least three separate experiments. (C) In a
normal prostate epithelial cell (PNT1A) under normoxic conditions, the pathway for HIF1α degradation pathway is activated. Proteasomal
degradation is achieved by binding to the pVHL-E3-ubiquitin complex mediated by prolyl-hydroxylase (PHD) enzymes which require the
co-factors iron (Fe2+), ascorbate and 2-oxoglutarate. (D) In CRPC cells (PC3) under the same normoxic conditions the HIF1α pathway is
inhibited by Zn2+ ions, which substitute for Fe2+ ions at the PHD binding site, and also potentially reduce the co-factor 2-oxoglutarate via
mAC inhibition in the citric acid cycle. Ultimately HIF1α is overexpressed in CRPC leading to increased transcription of genes responsible
for glucose metabolism, proteolysis, cell survival, erythropoiesis and angiogenesis.
www.impactjournals.com/oncotarget
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Interstitial fluid normally contains 2 to 5µM Zn2+,
and a cytotoxic effect of Zn2+ is observed at concentrations
significantly higher than this normal range [24, 27–
30]. A lower non-toxic dose of Zn2+ did not affect the
proliferation of LNCaP prostate cancer cells (Figure
3D). Interestingly Zn2+ treatment slowed the proliferation
of CRPC-like PC3 cells (Figure 3B) to a much greater
degree compared to normal prostate PNT1A cells (Figure
3C). However this was not due to any difference in the
uptake of Zn2+ because normal PNT1A cells increased
intracellular free Zn2+ equally, rapidly and to a greater
degree than PC3 cells exposed to 10 μM ZnCl2 (Figure
1C). Furthermore, Masarik et al [19] and Kriedt et al [28]
demonstrated that PC3 cell viability is compromised at
earlier Zn2+ exposure times and lower doses than low grade
LNCaP prostate cancer cells. It seems that an increase in
intracellular free Zn2+ does not necessarily lead to greater
proliferation as previously observed [31]. However the
observation that the migration of PC3 and DU145 cells,
which contain high intracellular free Zn2+ is high compared
to LNCaP cells which contain low free Zn2+ [9] suggests
a role of intracellular Zn2+ ions in generation of the nonproliferative but migratory and chemo-resistant phenotype
[32] synonymous with CRPC tumors. Overall these results
highlight a distinct effect of Zn2+ on CRPC-like cells and
suggest that the increase in extracellular Zn2+ may not be
as important as how the cells regulate and cope with a
rapid increase in intracellular Zn2+. The possibility that
Zn2+ homeostasis is altered in CRPC-like cancer cells
compared to normal cells needs to be investigated.
In human prostate specimens’ total Zn2+
concentrations decrease with PC development [2, 33–35].
In vitro, although the mean endogenous concentration
of Zn2+ in LNCaP cells was higher than in PC3 cells,
the Zn2+ concentrations were not compared to normal
prostate cells [36]. A previous study by Qin et al. [37]
reported a significant reduction in total Zn2+ in LNCaP
cells compared to normal epithelial RWPE1 cells using
ICP-MS. However, the fact that RWPE1 cells were
cultured in keratinocyte serum-free medium (KSFM)
which contains 0.7 µM Zn2+ [38], while LNCaP cells were
grown in RPMI which does not contain any detectable
amount of Zn2+ questions the validity of such results.
To overcome these limitations in the current study total
Zn2+ concentrations were compared by ICP-MS in four
prostate cell lines (PNT1A, LNCaP, DU145 and PC3)
which were all cultured in the same media (RPMI), and in
the absence of any serum which may influence total Zn2+
concentrations [20, 21]. The ICP-MS data suggests that
there is no correlation between normal and cancerous PC
cells in vitro in terms of total Zn2+ concentrations, although
LNCaP cells did contain higher Zn2+ than PC3 cells as
published previously [36].
In a normal cell, a large proportion of intracellular
Zn2+ is bound and only a very small proportion is free.
An increase in intracellular free Zn2+ ions (the “Zn
www.impactjournals.com/oncotarget

wave”) may therefore be more relevant in orchestrating
downstream biological effects such as increased survival
or migration [31, 39]. Interestingly, recent studies have
revealed that while total Zn2+ is reduced in prostate cancer
cells, cytosolic free Zn2+ is actually higher, emphasizing
the importance of measuring free Zn2+ [37]. Such an
increase in free cytosolic Zn2+ can be attained either by
activation of receptors [31, 40, 41] or by increased uptake
via Zn2+ transporters/channels. Measurement of free (also
called labile or loosely bound) Zn2+ using the Zn2+-specific
fluorescent probe FluoZin-3 demonstrated that at baseline
CRPC-like PC3 and DU145 cells contained a significantly
higher concentration of free Zn2+ than normal PNT1A
cells or low grade androgen-sensitive LNCaP cells.
Furthermore calculation of Pearson’s coefficient for the
fluorescence microscopy studies indicated that, while both
PC3 and PNT1A cells increased Zn2+ in the mitochondria
in the first 30 min of treatment with exogenous Zn2+,
only PC3 cells maintained Zn2+ in the mitochondria at
4h post initiation of the treatment. It has been suggested
that Zn2+ may be sequestered in the mitochondria to
prevent cytotoxicity [42]. If so, then Zn2+ should have
been less toxic to PC3 cells compared to PNT1A cells,
which was not the case. Overall the hypothesis of Zn2+
dys-homeostasis in PC is supported by data from Masarik
et al. [19] who demonstrated that the free-to-bound Zn2+
ratio was much higher in untreated PC3 cells compared
to PNT1A cells. Masarik et al. also noted that Zn2+ was
localised in and around nuclei and in the inner part of the
cytoplasm in the form of ‘spots’ in PC3 cells which were
not seen in PNT1A cells.
Accumulation of high mitochondrial Zn2+
concentrations in specific prostate cells results in the
induction of apoptosis and the inhibition of cell growth
[43]. The opposing notions of the observed ability
of Zn2+ to be either anti-apoptotic or pro-apoptotic
may in part be due to the ability or lack thereof of the
mitochondria in different cells to respond directly to
the effects of Zn2+ [43]. Zn2+ ions decrease cell viability
and mitochondrial succinate dehydrogenase activity in
CRPC-like PC3 cells and benign prostatic hyperplasia
epithelial BPH-1 cells [44]. Further mitochondrial Zn2+
accumulation has been shown not only to severely
impede mitochondrial enzymes such as aconitase,
2-oxoglutarate
dehydrogenase,
NAD+-dependent
isocitrate dehydrogenase, and succinate dehydrogenase,
but also to induce oxidative stress [45, 46]. These studies
raised the possibility that as PC3 cells accumulate greater
amounts of Zn2+ for a longer period in the mitochondria
they may be more sensitive to oxidative stress compared
to PNT1A cells. On the contrary, CRPC-like PC3 cells
are more resistant to H2O2 treatment than PNT1A cells,
and also exogenous Zn2+ at a non-toxic dose can increase
further the resistance to oxidative stress. Previously, we
have shown that the survival rates of PC3 cells following
treatment with either H2O2 or the chemotherapeutic
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5-fluorouracil were significantly greater compared to
LNCaP cells via a HIF-dependent mechanism [9].
Hypoxia inducible transcription factors induce
diverse genes involved in cell survival, angiogenesis,
glucose metabolism and invasion and play an important
role in cancer progression [47]. HIF1α degradation
normally occurs via oxygen- and iron-dependent prolylhydroxylation by prolyl hydroxylase domain-containing
protein (PHD) [47]. CRPCs by their nature are extremely
resistant to chemotherapy, and we have previously shown
an association between HIF1α and resistance to cytotoxic
agents [9, 48]. The observation made nearly two decades
ago by Zhong and co-workers that PC3 cells overexpress
HIF1α even in the presence of oxygen [49, 50] is a very
reproducible and robust phenotypic characteristic of
CRPC-like cells although the mechanism is unclear.
Further the role of Zn2+ in HIF1α expression is unclear.
Nardinocchi et al [51] showed that exogenous Zn2+
suppressed both HIF1α and HIF2α protein expression.
In contrast, Jeong et al. [52] reported a Zn2+-mediated
dose dependent stimulation of HIF1α protein expression
in DU145 and PC3 cells and that HIF1α plays a crucial
role in the regulation of zinc resistance [52, 53]. More
recently, we have shown that Zn2+ induces expression
of HIF1α in normal HK-2 renal tubular cells as well as
in ACHN renal cancer cells [11]. In this study we have
shown a strong correlation between the concentration of
free Zn2+ and HIF1α expression in prostate cells (Figure
5B) but, more importantly, that exogenous Zn2+ stimulates
HIF1α expression in a time- and dose-dependent manner
in PC3 cells with a simultaneous increase in resistance
to cytotoxics such as H2O2 (Figure 4A). Furthermore,
as knockdown of HIF1α reduced survival of PC3 cells,
even in the presence of Zn2+, we concluded that the Zn2+dependent increase in resistance to oxidative stress may in
part be via a HIF1α-dependent mechanism in CRPC-like
cells.
Our current study using CRPC-like DU145 and PC3
cells confirms previous observation by Knowles et al [54]
that HIF1α protein expression in reduced in the presence
of exogenous iron. More importantly we have establish
that exogenous Zn2+ was able to reverse the reduction in
HIF1α expression in the presence of exogenous iron in
PC3 cells (Figure 7B). Overall we postulate that increased
free Zn2+ in CRPC-like PC3 and DU145 cells may displace
the Fe2+ binding at the PHD site and thereby results in
increased stabilization of the HIF1α protein under normal
oxygen conditions.
The role of zinc in prostate cancer has been
investigated because of changes in the total amount of zinc
compared to the normal prostate. Based on the evidence
that in prostate cancer the amount of Zn is reduced, it
was postulated that re-establishing normal intracellular
Zn2+ concentrations in prostatic tumours might restore a
benign phenotype in malignant prostate cells. However,
in contrast Kratochvilova et al. and Holubova et al. have
www.impactjournals.com/oncotarget

convincingly showed that exogenous Zn2+ drives tumour
cells towards a more aggressive and resistant phenotype
[53, 55].
In conclusion, a state of Zn2+ dys-homeostasis in
PC exists as demonstrated by the increased availability
and subcellular distribution of free Zn2+ in PC3 cells.
Expression of basal HIF1α correlates with free Zn2+
concentration in PC cell lines. HIF1α protein can be
further increased by exogenous Zn2+ in a dose- and
time-dependent manner in PC3 cells. Zn2+ enhances
PC3 cell survival under oxidative stress, an effect not
seen in PNT1A cells or in a HIF1α-KD PC3 cell model.
Therefore HIF1α is an integral component of a Zn2+dependent protective mechanism in PC3 cells. Based on
these findings it can be hypothesized that free Zn2+ is more
relevant especially in CRPC. Furthermore there are no
studies which have specifically looked at the role of Zn2+
in the chemo-resistant phenotype of CRPC, although the
role of HIF1α as a downstream mediator of Zn2+ is well
established in CRPC [9]. Further studies will be required
to establish firstly, if such Zn2+ dys-homeostasis may be
clinically significant through its contribution to castrateresistant PC survival and secondly, whether or not Zn2+
chelation therapies are effective in counteracting the
resistance to treatment of CRPC.

MATERIALS AND METHODS
Cell culture and treatment
Normal prostate epithelial cells (PNT1A) were
purchased from The European Collection of Cell Cultures
(ECACC). Three human prostate cancer cell lines (PC3,
DU145 and LNCaP) were purchased from the American
Type Culture Collection (Manassas, VA). All cell lines
were cultured in Roswell Park Memorial Institute (RPMI)
medium (Scoresby, VIC) which was supplemented
with 7.5% Fetal Bovine Serum (FBS), 0.4% PenicillinStreptomycin and 2% HEPES. HIF1α knock-down PC3
cells (HIF1α-KD) were used as previously described [9] .

Western blot
HIF1α protein was analysed by Western blot using
the method previously described [9] with a primary
HIF1α purified mouse anti-human antibody at dilution
1:1000 (BD Biosciences, USA) followed by a secondary
anti-mouse horseradish peroxidase-conjugated antibody
(1:5000, Bio-Rad). GAPDH was assayed as a loading
control with a rabbit monoclonal GAPDH antibody
(1:10000, Cell Signaling, USA).

MTT cell proliferation assay
Cells were cultured as described above and
trypsinised at 80% confluency. For the MTT cell survival
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Fluorescence microscopy (FM)

assay cells were plated into a 96-well plate (1.0 × 104
cells/well) and incubated in media containing 7.5%
serum for 24 hours. For Zn2+ treatment ZnCl2 in serum
free media (SFM) was added to 12.5 µM, 25 µM or 50
µM, and the cells were incubated for 48 h. For longterm cell proliferation assays cells were plated in four
24-well plates (2.5 × 104 cells/well) representative of
each time point (0, 24, 48 and 72 hour) and incubated
in SM for 24 h. Next day a MTT assay was performed
on one plate to determine the relative cell numbers prior
to the start of zinc treatment. The values were recorded
as the 0 hr absorbance reading. Cells in the rest of the
plates were treated with either 10 µM ZnCl2 (10 µM
in SFM) or serum free medium only and incubated
for 24, 48 or 72 hours. MTT stock solution (5 mg/ml)
(Sigma Aldrich, USA) was prepared in 1× PBS and
10 µL/well added. After incubation with MTT solution
for 1 h and following the solubilization of formazan
crystals in acidified isopropanol the absorbance, which
is directly proportional to cell numbers, was measured
at a wavelength of 570 nm with background subtraction
at 620 nm using a FLUOstar Optima Microplate Reader
(BMG Labtech, Mornington, VIC). Data are expressed as
a percentage of the 0 hr reading taken just prior to zinc
treatment.

PNT1A and PC3 cells were mounted onto coverslips
overnight then ZnCl2 (10 µM in SFM) was added for 30,
60, 120 or 240 min. FluoZin-3 (2.5 µM), MitoTracker Red
FM (50nM) or Hoechst 33342 (0.2 µg/mL) was added for
45 min at 37˚C in the dark and then fixed by treatment
with 4% paraformaldehyde for 3 min. A Nikon DS-Qi
1Mc camera and NIS Nikon Elements Software were
used to take separate and composite images, from which
mean Pearson correlation coefficient (PCC) values were
calculated from 10 images per treatment per cell line.

Metal analysis by Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS)
For measurement of total zinc 5.0 × 105 cells for
each cell line (PNT1A, LNCaP, DU145 and PC3) were
cultured in 60mm cell culture dishes in 5mls serum media
overnight. Next day serum media was aspirated and cells
were washed briefly for 10–20 seconds with 2mLs of
Milli-Q water. A final volume of 500μL of Milli-Q water
was added and cells were scraped and the lysate collected
into a 1.5 mL eppendorf tube. Cell lysates were freezedried, nitric acid (50 µL of 65%, Suprapur, Merck) was
added to each cell pellet, and the pellets were digested
overnight at room temperature. The samples were heated
using a heating block at 90°C for 20 min to a volume
of ~40 µL. To each sample 460µL of 1% (v/v) of nitric
acid diluent was added to a final Volume of 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 ICPMS-CAL-4, Accustandard) for a range of elements. A
certified internal standard solution containing 200 ppb of
Yttrium (Y89) was used as an internal control (ICP- MSIS-MIX1-1, Accustandard).

H2O2 survival assay
Cells were plated on a 12-well plate (1.2 × 105 cells/
well) and incubated in culture medium for 24 h. For Zn2+
pre-conditioning ZnCl2 in SFM was added to the indicated
final concentrations between 0.1 µM to 50 µM, and the
cells were incubated for 4 h, and the media was then
replaced with H2O2 (25 µM, 50 µM, 75 µM or 100 µM) in
SFM for 24 h. MTT analysis was performed as described
above.

FluoZin-3 free Zn2+ assay
Cells were plated on a black 96-well plate (1.0 ×
104 cells/well) and incubated overnight. Zn2+ (10 µM
or 50 µM ZnCl2 in SFM) was added for 1, 4 or 24 h.
10 µM TPEN or 500 µM ZnCl2 were added for 1 h for
measurement of Fmin or Fmax, respectively. FluoZin-3
(AM, cell permeant, F-24195, Life Technologies) was
added to a final concentration of 5 μM (50 μl/well) and
the 96 well plates were covered with foil to protect
them from light. Samples were equilibrated for 30 min
before the dye was removed and replaced by Hank’s
balanced salt solution (HBSS) for 15 min. The resulting
fluorescence was recorded on a FLUOstar Optima
Microplate Reader (BMG Labtech, Mornington,
VIC). Free Zn2+ (nM) was calculated according to the
manufacturer’s instructions with the formula: Zn2+ = Kd
× (F-Fmin)/(Fmax-F), where the Kd for FluoZin-3 is
15 nM.
www.impactjournals.com/oncotarget

In vivo study
The animal studies (project number A2014/05210)
were approved by the Animal Ethics Committees of Austin
Health, Victoria, Australia, in accordance with the guidelines
laid down by the National Health and Medical Research
Council of Australia’s Code of Practice for the Care and
Use of Animals for Experimental Purposes. Certified severe
combined immunodeficiency (SCID) male mice, aged > 4
weeks were purchased from the Animal Resource Centre
(Perth, Australia) and housed in the BioResources Facility
(Austin Health). PC3 cells were injected into the flanks of
the mice and xenograft tumours were allowed to develop.
Tumour volumes were measured daily and mice were
randomised to treatment or control groups when the tumour
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volume was > 200 mm3. Treatment consisted of twice-weekly
intra-peritoneal injections of ZnCl2 or the Zn2+ chelator
TPEN (Sigma-Aldrich, Australia) (3 mg/Kg, 10 mg/Kg or
20 mg/Kg) until the tumour volume exceeded 1000 mm3.
Xenograft tissue was harvested for immunohistochemistry
(IHC) and Zn2+ analysis. Zinc chloride was dissolved
in 0.1% HCL in injection water and diluted to a final
concentration of 1 μg/μL in saline. TPEN (Sigma-Aldrich)
was dissolved in DMSO and diluted with saline to a final
concentration of 1 μg/μL. The final DMSO concentration w
as < 4.0 %.
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