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Abstract
Background—Zinc accumulation diminishes early in the course of prostate malignancy and
continues to decline during progression toward hormone-independent growth. In contrast,
constitutive levels of NF-κB activity increase during progression of prostate cells toward greater
tumorigenic potential. We have reported previously that physiological levels of zinc suppress NF-
κB activity in prostate cancer cells and reduce expression of pro-angiogenic and pro-metastatic
cytokines VEGF, IL-6, IL-8, and MMP-9 associated with negative prognostic features in prostate
cancer.

Methods—Intracellular zinc levels were examined by Atomic Absorption Spectroscopy. NF-κB
activity was examined by TransAm and Luciferase reporter assays, and Western Blot analysis of p50
nuclear translocation. VEGF, IL-6 and IL-8 levels were assessed by ELISA.

Results—Selective zinc deficiency induced by the membrane-permeable zinc chelator N,N,N’,N’-
tetrakis(2-pyridylmethyl)-ethylenediamine (TPEN) increases activation of NF-κB and up-regulates
expression of the NF-κB controlled pro-angiogenic and pro-metastatic cytokines VEGF, IL-6 and
IL-8 in androgen-independent PC-3 and DU-145 prostate cancer cells. Pre-incubation with IκBα
dominant mutant adenovirus efficiently blocks expression of these cytokines in zinc deficient cells
indicating that the observed effects are NF-κB dependent.

Conclusions—Our findings suggest that zinc deficiency may contribute to the tumor progression
via augmented expression of the NF-κB dependent pro-tumorigenic cytokines.
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Introduction
Multiple studies indicate that the loss of the unique ability to retain high intracellular levels of
zinc may be an important factor in the development and progression of prostate cancer. The
loss of zinc accumulation is the most consistent and persistent characteristic of prostate
malignancy. The zinc content of normal prostate epithelium, benign prostatic hyperplasia, and
prostate adenocarcinoma has been measured at 1018, 1142 and 146 μg/g dry tissue, respectively
[1]. Importantly, zinc accumulation decreases early in the course of prostate malignancy and
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continues to decline during progression toward hormone-independent growth. In addition,
recent studies have revealed a strong association between prostate cancer in African American
men and down-regulation of the zinc uptake transporters hZIP1 and hZIP2 [2]. Moreover,
expression of the hZIP1 gene and transporter protein is markedly down-regulated in
adenocarcinomatous glands and in prostate intra-epithelial neoplastic foci when compared with
normal peripheral zone glandular epithelium and benign hyperplastic glands [3]. Conversely,
studies have associated zinc accumulation with suppression of prostate cancer cell growth [4,
5], inhibition of prostate tumor cell invasion [6] and mitochondrial apoptogenesis [4],
suggesting that high intraprostatic zinc levels may protect against prostate carcinogenesis.

The Rel/NF-κB family of eukaryotic transcription factors is comprised of several structurally
related proteins that form homo- and heterodimers. The most common Rel/NF-κB dimer in
mammals contains the p50-RelA subunits and is specifically called NF-κB. The activity of NF-
κB is regulated by interaction with inhibitory IκB proteins, which block the ability of NF-κB
to enter the nucleus and bind to DNA. Upon activation, IκB is phosphorylated and marks the
inhibitor for ubiquitination and degradation by the proteasome-dependent pathway. This
process allows translocation of active NF-κB complexes into the nucleus [7,8]. Multiple studies
in a wide variety of tumors have established the role of NF-κB regulated genes in malignant
transformation [9], progression of cancer to hormone-independent growth [10–14] and
resistance to therapeutic regimens [15–17]. Suppression of NF-κB activity in human prostate
cancer cells inhibits their tumorigenic and metastatic properties in nude mice by suppressing
angiogenesis and invasion via down-regulation of VEGF, IL-8 and MMP-9. Decreased
expression of these molecules in vivo directly correlates with decreased neovascularization and
a reduction in lymph node metastases [18]. Thiol-reactive metals such as zinc, copper and gold
have been shown to block degradation of IκB proteins and activation of a multi-subunit IκB
kinase (IKK), providing a molecular mechanism for suppression of NF-κB activity [19].

In the present study we provide experimental evidence that selective intracellular zinc
deficiency is sufficient to augment expression of pro-angiogenic and pro-metastatic cytokines
in established prostate cancer cells.

Materials and Methods
Cell lines and culture conditions

PC-3 and DU-145 cell lines were obtained from ATCC (Rockville, MD). Cells were cultured
in RPMI 1640 (Bio-Whittaker, Walkersville, MD) medium supplemented with 10% FBS
(Hyclone, Logan, UT), gentamicin (50 mg/l), sodium pyruvate (1 mM) and non-essential amino
acids (0.1mM) under conditions indicated in the figure legends. RWPE-1 and RWPE-2 cells
were maintained in Keratinocyte-Serum Free medium supplemented with 5 ng/ml of human
recombinant EGF and 0.05 mg/ml of bovine pituitary extract.

Antibodies and Reagents
Antibodies to p50, IκBα TOPO I and actin were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Secondary horseradish peroxidase-conjugated donkey anti-rabbit antibodies
were purchased from Amersham (Arlington Hts., IL). TPEN was obtained from Sigma (St.
Louis, MO). IκBα dominant mutant (IκBαM) adenovirus was purchased from Imgenex (San
Diego, CA).

Atomic Absorption Spectroscopy
Harvested cells were rinsed three times in PBS, digested in 2% SDS and boiled for 10 minutes.
Protein concentrations were measured with BCA protein assay (Pierce, Rockford, IL). Zn
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levels were measured by flame mode using a Shimadzu AA-6300 atomic absorption
spectrophotometer.

Stable Transfection of PC-3 cells with hZIP1
To create the hZip1 C-end FLAG-tagged expression vector, hZip1 ORF was obtained by PCR
with 5′-atcttg aagctt gcc acc atg gga ccg tgg gga gag cca gag ctc ctg gtg-3′ (forward) and 5′-
atcttg tctaga tta att aat cta ctt atc gtc gtc atc ctt gta atc gat ttg gat gaa gag cag gcc-3′ (reverse)
primers using pRC-CMV-hZip1vector [20] (a kind gift from Dr. R. Franklin (University of
Maryland)) as a template and then cloned into the HindIII/Xba1 restriction sites of the pRC-
CMV plasmid. PC-3 cells were transfected with either the hZIP1 expression vector or the CMV
control vector using the TransIT-Prostate transfection kit (Mirus Bio, Madison, WI). Selection
was performed using G418 (1.5 mg/mL; Invitrogen/Life Technologies), and screening of
clones was based on Western Blot analysis with anti-hZIP1 antibody to determine hZIP1
expression. Stable transfectants were maintained in medium containing G418 (500 μg/mL).

Colony formation assay in soft agar
A single cell suspension of 1.5×103 PC-3 cells in 0.3% low melting point agar was plated onto
a base layer of hardened 0.6% agarose. Cultures were allowed to grow for 18 days with or
without various concentrations of zinc in the form of ZnSO4, colonies were stained with
Thiazolyl Blue Tetrazolium Bromide (Sigma, St. Louis, MO) and analyzed using Image-Pro
Plus software (Media Cybernetics, Silver Spring, MD). Each experimental and control group
consisted of three wells.

Western Blot Analysis
Nuclear and cytoplasmic extracts and whole cell lysates were prepared as described previously
[21]. Protein concentrations were measured with BCA protein assay reagents (Pierce,
Rockford, IL). Equivalent amounts of proteins (20 μg) were mixed with an equal volume of
2X Laemmli sample buffer, boiled and resolved by electrophoresis in 10% sodium dodecyl
sulfate-polyacrylamide gels (SDS-PAGE). The proteins were transferred from the gel to a
nitrocellulose membrane using an electroblotting apparatus (Bio-Rad) (15 V, 3 mA/cm2 for
24 minutes). Membranes were incubated in blocking solution containing 5% nonfat dry milk
overnight to inhibit nonspecific binding. The membranes were then incubated with specific
antibody (1–3 μg/ml) for 2 hours. After washing in TRIS/0.1% Tween 20 for 30 minutes the
membranes were incubated for another 30 minutes with horseradish peroxidase-conjugated
secondary antibody. The membranes were then washed and developed with enhanced
chemiluminescence (ECL Western Blotting Kit, Amersham, Arlington Heights, IL).

TransAM assay
Cells were pre-incubated with various concentrations of TPEN for 2 hours. DNA binding
activity of NF-κB (p50) was examined in nuclear extracts according to the protocols provided
with the TransAM kit (Active Motif, Carlsbad, CA).

Luciferase reporter assay
Cells were transfected with pNF-κB-luc (Stratagene, La Jolla, CA) and pRL-TK (Promega,
Madison, WI) plasmids. Twenty-four hours after transfection, cells were treated with various
concentrations of TPEN for 4 hours in fresh medium. Samples were assayed for firefly and
renilla luciferase activities using Dual-Glo Luciferase assay System (Promega) and normalized
as instructed by the manufacturer.
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Measurement of VEGF, IL-6 and IL-8 proteins
Cells were treated in the presence or absence of IκBαM adenovirus (1:500 dilution) for 24
hours and then incubated with TPEN (6μM) for 18 hours. IL-6, IL-8 and VEGF levels in cell
culture supernatants were determined by ELISA kits (R&D Systems, Minneapolis, MN).

Results
Intracellular zinc concentrations and basal levels of NF-κB activity in normal and
transformed prostate cells

We first evaluated intracellular zinc levels in normal (RWPE-1), Ki-ras transformed (RWPE-2)
and malignant (DU-145 and PC-3) prostate cell lines. Atomic absorption spectroscopy
confirmed the reduction in cellular zinc levels between normal and malignant cells (Fig. 1A).
Moreover, Ki-ras transformed RWPE-2 cells demonstrated diminished zinc accumulation
compared to parental RWPE-1 normal prostate epithelial cells (Fig. 1A).

We have reported previously that physiological levels of zinc reduce NF-κB activity in prostate
cancer cells and functionally suppress tumor cell invasiveness and adhesion [22,23]. Therefore
the relationship between intracellular zinc concentrations and basal levels of NF-κB activity
in prostate cancer cells was evaluated using a luciferase reporter assay. As shown in Figure
1B, basal NF-κB-dependent reporter activity was significantly higher in DU-145 and PC-3
prostate cancer cells compared with normal RWPE-1 cells. These results are in agreement with
recent findings describing constitutive NF-κB activity in DU-145 and PC-3 cells [24]. Recent
studies reveal that the NF-κB pathway is constitutively active in Ki-ras-transformed prostate
epithelial cells [25]. Indeed, the basal level of NF-κB activity was notably higher in RWPE-2
cells than in parental RWPE-1 cells (Fig. 1B). RWPE-1 and RWPE-2 essentially share the
same genotype differing only in their tumorigenic status. RWPE-1 cells neither grow in agar
nor form tumors when injected into nude mice. However, RWPE-2 cells form colonies in agar
and tumors in nude mice [26]. Therefore, our data support recent findings that progression of
prostate cells toward greater tumorigenic potential is associated with decreasing levels of
intracellular zinc and increasing constitutive levels of NF-κB activity [27,28].

To explore the effect of zinc on the malignant potential of prostate cancer cells, we evaluated
colony-forming efficiency in soft agar. Prostate cancer cells have lost the ability to accumulate
zinc. Recent studies demonstrate that cells overexpressing the zinc uptake transporter hZIP1
exhibit increased zinc accumulation compared to parental cells [20,27]. Therefore, we
generated PC-3 cells overexpressing the hZIP1 transporter and exposed them to zinc. As
demonstrated in Figure 1C, physiologically relevant concentrations of zinc (a reference interval
for the serum zinc level is 0.5–1.5 μg/ml [29]) prevent colony formation of PC-3-hZIP1 cells
in soft agar.

Selective zinc deficiency induced by TPEN stimulates activation of NF-κB in prostate cancer
cells

NF-κB regulated genes contribute to neoplastic transformation, metastatic tumor progression
and evolution of cancer cells to hormone-independent growth [9,10,18]. Our previous studies
demonstrate that physiologic concentrations of zinc inhibit NF-κB activity in prostate cancer
cells, reduce expression of pro-angiogenic and pro-metastatic VEGF, IL-6, IL-8, and MMP-9
cytokines, and functionally suppress tumor cell invasiveness and adhesion [22,23]. Treatment
with TPEN-induced concentration-dependent NF-κB activation in PC-3 and DU-145 cells as
assessed by TransAM (Fig. 2A) and luciferase reporter (Fig. 2B) assays when concentrations
were equal to or greater than 4μM. These observed effects were not cell line specific, occurring
in both DU-145 and PC-3 cells. To further evaluate the effect of zinc deficiency on NF-κB
activation in prostate cancer cells, we performed Western Blot analysis of nuclear and
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cytoplasmic extracts isolated from TPEN-treated PC-3 cells using anti-p50 and anti-IκBα
antibodies. Figure 2C demonstrates that TPEN at 6μM induces nuclear translocation of p50,
which coincides with degradation of the inhibitory subunit IκBα.

TPEN has been used as a zinc-specific chelator in multiple studies [30–32]. However, TPEN
has the potential to chelate several other biologically important metals as well. TPEN has a
very high affinity for Zn2+ (Kd = 2.6 × 10−16 M), Cu2+ (Kd = 3 × 10−20 M), Fe2+ (Kd = 2.4 ×
10−15 M) and Mn2+ (Kd = 5.4 × 10−11 M) and low affinity for Ca2+ (Kd = 4 × 10−5 M) and
Mg2+ (Kd = 2 × 10−2 M) [30,33]. To investigate whether zinc depletion specifically caused
TPEN-induced NF-κB activation, PC-3 cells cultured in RPMI 1640 medium supplemented
with 10% FBS were exposed to TPEN (6kM) with the addition of equimolar concentrations
of zinc, copper, iron or manganese ions (Fig. 3). The addition of equimolar concentrations of
zinc and copper but not iron or manganese completely blocked TPEN-induced NF-κB
activation. In Fetal Bovine Serum (FBS), the total copper concentration is 2.5μM [34]. When
FBS is omitted, the RPMI medium contains no detectable copper. In our experiments, because
we used medium supplemented with 10% FBS, the concentration of copper in our culture
medium was 0.25μM. We have determined zinc concentration in RPMI 1640 medium
supplemented with 10% FCS by atomic absorption spectrometry and found this concentration
to be 3.8μM. The total zinc (zinc in culture medium plus cellular zinc) in our experiments has
been calculated to be approximately 4.2μM. A noticeable effect upon NF-κB activity was
detected only when TPEN was used at concentrations equal to or greater than 4μM. Therefore
the effect of TPEN on prostate cancer cells was mediated primarily by chelation of zinc and
not other biologically relevant metals.

NF-κB dependent expression of IL-6, IL-8 and VEGF is up-regulated in zinc-deficient prostate
cancer cells

Prostate cancer progression is mediated by secretion of NF-κB-regulated angiogenic factors
including VEGF, IL-6 and IL-8. Expression of these molecules by prostate cancer cells has
been shown to correlate with malignant potential [35–37]. Since TPEN activates NF-κB, we
tested whether TPEN also stimulates expression of these molecules by prostate cancer cells.
Expression of VEGF, IL-6 and IL-8 was examined in cell culture supernatants of PC-3 cells
incubated with TPEN using ELISA. As shown in Figure 4, supernatants collected from PC-3
cells that were treated with 6μM TPEN had significantly increased amounts of secreted VEGF,
IL-6 and IL-8, when compared with supernatants obtained from cells cultured in medium alone.

To evaluate the contribution of NF-κB signaling to TPEN-induced cytokine expression, PC-3
cells were pre-incubated with the IκBαM [38] adenovirus prior to TPEN stimulation.
Pretreatment with IκBαM adenovirus efficiently blocked TPEN-stimulated expression of all
tested cytokines (Fig. 4). Identical findings were also noted after treatment with the
pharmacological NF-κB inhibitor BAY 11–7085 (data not shown). These data reinforce the
critical role of the NF-κB pathway under zinc deficient conditions in prostate cancer and
suggest that zinc deficiency augments the malignant phenotype in part through increased
expression of pro-tumorigenic cytokines.

Discussion
The precise mechanisms involved in the development and progression of prostate cancer
remain unclear. Multiple studies demonstrate that the inability to retain normal intracellular
levels of zinc is a hallmark of prostatic malignancies. Indeed, the drop in intracellular zinc
concentration occurs early in the development of prostate cancer, precedes histopathological
changes, and continues during progression toward hormone-independent growth [39,40].
Clinically, cancer cells that maintain higher levels of intracellular zinc have been shown to
have significantly slower growth rates [20,27].
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NF-κB activation is a major pathway contributing to prostate cancer development and
progression (3–11). We have reported previously that physiological levels of zinc suppress
NF-κB activity in prostate cancer cells, sensitize malignant cells to apoptosis induced by
cytotoxic agents and reduce expression of pro-angiogenic and pro-metastatic cytokines VEGF,
IL-6, IL-8, and MMP-9 associated with negative prognostic features in prostate cancer [22,
23]. Importantly, expression of VEGF, IL-6 and IL-8 has been shown to correlate directly with
malignant potential of prostate cancer [35–37]. Our current experiments reveal that zinc
deficiency induced by zinc-specific chelation via TPEN increases DNA binding and
transcriptional activity of NF-κB in prostate cancer cells. Moreover, TPEN-mediated NF-κB
activation coincides with an increased amount of secreted VEGF, IL-6 and IL-8 by PC-3
prostate cancer cells. Pre-treatment with the IκBαM adenovirus efficiently blocked expression
of VEGF, IL-6 and IL-8 in zinc deficient cells demonstrating the critical role of the NF-κB
pathway in augmenting expression of these cytokines.

Normal human epithelial cells can be maintained as replicative cultures only for a short time
before they undergo senescence. Several immortalized cell lines of prostatic origin have been
established by transfection with a plasmid containing the entire HPV-18 genome including the
non-tumorigenic prostate epithelial cell line, RWPE-1, which was further transformed by v-
Ki-ras to a tumorigenic cell line, RWPE-2 [41,42]. RWPE-1 cells retain many of the
characteristics of normal cells, such as contact inhibition, anchorage dependence, inability to
form tumors in nude mice, and expression of epithelial and prostate-specific proteins. Yet, a
possibility exists that immortalized cells do not always accurately recapitulate the genetic
composition or biological behavior of primary cells. Nonetheless, recent studies demonstrate
that the expression of the 19 zinc transporters is similar between the RWPE-1 cell line and the
in situ prostate gland [43]. Moreover, while RWPE-1 and RWPE-2 cells essentially share the
same genetic background, tumorigenic RWPE-2 cells accumulate less intracellular zinc and
have reduced levels of the hZIP1 protein compared with non-tumorigenic RWPE-1 cells
[27]. These findings suggest that immortalized RWPE-1 and RWPE-2 cell lines can serve as
a valid model system to study the role of zinc in prostate cancer.

The relationship between intracellular zinc levels and status of NF-κB activity provides a
rational basis for the concept that restoration of normal zinc levels in malignant cells may be
efficacious in the treatment and secondary prevention of prostate cancer.

Conclusions
In summary, our findings demonstrate for the first time that selective zinc deficiency in
malignant prostate tissues may augment expression of pro-tumorigenic cytokines via activation
of NF-κB-regulated pathways and therefore may contribute to prostate tumor progression.
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Figure 1.
Intracellular zinc concentrations and basal levels of NF-κB activity in normal and transformed
prostate cells. (A) Intracellular Zn levels were measured by flame mode using a Shimadzu
AA-6300 atomic absorption spectrophotometer as described in Materials and Methods. (B)
Basal levels of NF-κB activity were determined by luciferase reporter assay as described in
Materials and Methods. Statistical analysis was performed by one-way ANOVA. * Statistically
significant (p < 0.05) compared with RWPE-1 cells. RWPE-1 and RWPE-2 cells were
maintained in Keratinocyte-Serum Free medium as described in Materials and Methods.
Keratinocyte-Serum Free medium was replaced with RPMI 1640 medium containing 10% FCS
3 days prior to the actual experiments. (C) Physiologically relevant concentrations of zinc

Golovine et al. Page 10

Prostate. Author manuscript; available in PMC 2009 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prevent colony formation in soft agar of PC-3 cells overexpressing hZIP1. * Statistically
significant (p < 0.05) compared with cell cultured in medium only.
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Figure 2.
Treatment with TPEN activates NF-κB in PC-3 and DU-145 prostate cancer cells. (A) DNA
binding activity of NF-κB (p50) was determined by TransAm assay after incubation of prostate
cancer cells with indicated concentrations of TPEN for 2 hours. (B) NF-κB activity was
determined by luciferase reporter assay after incubation of cells with indicated concentrations
of TPEN for 4 hours. Statistical analysis was performed by one-way ANOVA. * Statistically
significant (p < 0.05) compared with cells cultured in medium alone. (C) TPEN triggers
degradation of IκBα and nuclear translocation of p50 in PC-3 cells. Cells were pre-incubated
with 6μM TPEN for 2 hours and the p50 protein level was determined in nuclear extracts by
Western blotting analysis with specific antibodies. Expression of TOPO I was used to control
equal protein loading. Cytoplasmic extracts from the same samples were subjected to SDS-
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PAGE followed by Western Blotting with anti-IκBα antibody. Expression of actin was used
to control equal protein loading.
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Figure 3.
PC-3 cells were pre-incubated with 6μM of ZnSO4, CuSO4, FeSO4 or MnSO4 followed by
incubation with equimolar concentration of TPEN for 2 hours. DNA binding activity of NF-
κB (p50) was determined by TransAm assay.
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Figure 4.
Expression of IL-6, IL-8 and VEGF is up-regulated via NF-κB-dependent mechanism in zinc-
deficient PC-3 cells. Cells were cultured in the presence of TPEN (6 μM) for 18 hours.
Expression of cytokines was examined in the cell culture supernatants using ELISA kits. To
evaluate the contribution of NF-κB signaling for TPEN-induced IL-6, IL-8 and VEGF
expression, PC-3 cells were pre-incubated with IκBαM adenovirus (1:500) for 24 hours prior
to TPEN stimulation. Statistical analysis was performed by one-way ANOVA. * Statistically
significant (p < 0.05) compared with cells cultured in medium alone.
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